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( INTRODUCT ION*

Joel S. M iller
Xerox Webster Research Center

Xerox Squa re-114
Rochester , New York 14644

Low-dimensiona lity is ascribed to materials that exhibit large anisotrop ic
• ratios in some intensive physical properties. For ex amp le, pseudo-one-dimensional

materials typ ically have sign ificantly greater optical , magnetic , electrical , and/or
mechanical properties in one dimension with respect to the orthogonal directions.
Similarl y, pseudo-two-dimensional complexes exhibit pronounced physical prop-
erties in two dimensions with respect to the remaining dimension. These enhanced
properties arise from cooperative interactions manifested by linea r chain (I -D)
or laye r (2-D) structures , which pr incipally occu r i n the solid . For yea rs, advance-
ment in this area of science was dominated by synthetic chemistry; however , in

• ~•r the last decade physicists have characterized the uni que properties exhibited by
these mate rials. .~~~~

- 
~~~~~~~~~

— - .  *_________
Progress in understanding the unique chemistry and physics associated with

low-di mensional materials clearly involves the symbiotic collaboration between
synthetic and physical inorganic and organic chemists, physicists, materi als scien-
tists, and electrical engineers. The requirement for collaboration and communica-
tion was serendipitously alluded to by Dr. A. Scott on the occasion of the March 30,
1916 Presidential Address ’ befo re the Chemical Society, where he droll y displayed
‘Graphic Formula ” for Magnus’ Green Salt (FIGURE I) . Magnus ’ Green Salt
has the distinction of being the premiere pseudo-one-dimensional material pre-
pared 2 studied by x-ray diffraction ,3 and found to exhibit unusual optical ,”4
electrical ,5 and mechanical 6,6a properties that arise from the linear chain structure.

The implication of this clairvoyant prognostication was not appreciated by the
scientific community until 1932 , when the structure revealed that the linear chain
was comprised of cooperating cations and anions. Similarly, in the last decade
both chemists and physicists joined hands (FIGURE I)  through strong and fruitfu l
synergistic collaborative efforts which have significantly impacted the understand-
ing of the chemistry and physics of pseudo-one-dimensiona l substances. Thus ,
on the occasion of this multidisciplinary international conference on the Synthe-

- 
- sis and Properties of Low-Dimensional Materials, it is apropos to relate to the

“Graphic Formula ” of Magnus ’ Green Salt through the realization that the
frontiers of science in this area of low-dimensional materials can be advanced
only by communication and collaboration between the “green men.”

The intent of this conference is to provide a forum for the participants to
accumulate, review , and examine the aspects of low-dimensional materials and ,
in particular , pseudo-one-dimensional materials of primary but not exclusive in-

- - terest to chemists, so that the frontiers of science in this interdisciplinary area
can be reflected upon and advanced. It is also the aim of our conference to open up

Manuscript received June I I , 1977. 
_______
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GR APH IC FORMULA
CHEM. SOC. APRIL 16, 1868. H: •, 0 — , S~ — - ‘ , N $

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FRANK LAN I) ~~ CR1’M BROWN
WN~~

4 OZONE ,

NITRIC OXIDE, N202 
~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

GREEN SALT OF MAGNUS

~~~~~~ A R S ~~~~A1ION AD~~~HA NG
IN NITRIC PEROXIDE N 04 LIKE A TETRAD

FIGURE I. “Graphic Formula” presented by Dr. A . Scott in his presidential address to• the Chemical Society in 1916 .’ (By permission of the Chemical Society.)

lines of communication between traditiona Uy segregated areas of the sciences,
allowing the salient ramifications of new and future scientific discoveries and
breakthroughs to be appreciated by the scientific community as a whole. Thus, the
conference combines contributions from academic , governmental , and industrial

. 
- 

inorganic , organic, pol ymer , physical chemical , as well as solid-state, laboratories.
Some of the key aspects that are fu~~ ed upon include a review of the solid-state

4 
_ _ _  -- — — — -  . - — •—



Miller: Introduction 3

physics of reduced dimensional systems as well as the prototype inorganic or

• organ ic systems. The philosophies of the design of new inorganic and organic
mate rials and up-to-date descriptions of existing systems are given and discussed.
Experimental problems associated with the synthesis an d cha racter ization of new
materials are also emphasized. Additionaljy, potential technological applica tions
of such reduced dimensional systems are pointed out, so that better designed ma-
terials can be made.

To better acquaint the reader of this Anna! with the subject matter, it is ap-
propriate to tabulate the chronology of selected landmark papers that have been
important in the evolution of the field (TABLE 1). The history of the field can be
qualitativel y described as m at ura tio n through merg i ng of known materials and
concepts by collaboratio n between scientists of histo r ical ly divergent disciplines.
Since the measurement of the conductivity of the first highly conducting organic

• (TCNQ ),8.8$ polymeric j (SN)~ J,9 and inorganic (K 2 Pt(CN)4 Br0~ - 3H 20), ’° sub-
stances revealing that high conductiv ity coul d be achieved by molecular solids,

TABLE I
CHRONOLOGY OF SELECTED PAPERS IN THE FIELD OF Low-DIMENsIONAL MATER IALS

Year Event Reference
1822 K2 Pt(CN )4 characterized Ii
1828 Magnus ’ Green Salt prepared 2
1842 K 2 Pt(CN)4 CI03 - xH 2 O (KCP) synthesized 12
1878 Pt(NH 3)2 Cl3 prepared 13
1888 l(~~ Pt(CN)4 . I .5H 2 0 synthesi zed 14
I894 K ,,~ Pt(ox)2 . H 20 prepared 15
1900 Wolfram’s Red Salt prepared 16
1905 Ni(HDMG)2 prepared 17
1910 (SN)~ synthesized 

18
1926 Alkali intercalation of graphite reported 19
1940 ‘Ir(CO)3Cl’ synthesized 20
1953 Conductivity of(SN)~ reported 2 1
1954 FrOhlich model (charge density wave) for superconductivit y 22

in troduced
1954 Conductivity of Pd(NH 3)2 C13 reported 23
1960 TCNQZ synthesized and high conductivity reported 8
1961 K ...112 1r(CO)2 Cl2 synthesized 24
1963 Molecular Metal postulated 25
1964 Little ’s Excitonic Superconductor Theory reported 26
l965 (NMP+ ) (TCNQ ) synthesized and characterized 27
1966 Anisotropic conductivity of Ir(CO)2(acac) reported 28
1968 X-ray structural determination and conductivity of 10

K2Pt(CN)4X03 . xH2O
1969 Molecular intercalation complexes of TiS2 with amines 29

reported
1970 Superconducting intercalation of NbS 2 and laS2 reported 30
1970 h F  cation radical salts synthesized and characterized 31

• 1971 “One-dimensional” eu lineshape reported for (Me4 N)MnCl 3 32
1973 CDW and superlattice distortions reported for KCP 33

• 1973 (h F) (TCNQ) synthesized and characterized 34
1974 Hg215 AsF6 reported 35

• 1974 CDW and superlattice distortions in 2-D metals reported 36
1975 Superconductivity in (SN)~ reported 37
1975 Spin-Peierls transition for (T1’F)M(S 2 C2(CF3)2)2 - 

38
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h un dreds of papers dealing with synthetic and theoretical chemistry and experi-
men tal and theoretical physics as well as electrical engineering and materials
science have appea red . Th us, to fur ther aid the reader, a bibliography of pertinent
review articles is given.

The success of the conference on which this volume is based was assured by the
atte ndance of numerous chemists and physicists from diverse areas of interest. The
degree of success of the meeting will be measured by the newly opened lines of
commu nication between tradition ally segregated areas of the sciences. It is hoped
that such perma nent professional relatio nships w i ll flour ish and the rami fications
of fu t u re scien t i fic discover ies wil l be appreciated by the scientific commu n ity as a
whole. In particular, it is the goal that the conference and this volume will be the
spring board for the synthesis of new materials and a better chemical understand-
in g which will aid in a fuller appreciation of the solid state.

This Con ference Organ izin g Comm ittee was delighted to have 8 1 scien tists pre-
sen ting thei r work , ten session chairmen , and Dr. N. Bruce Hannay delivering a
talk entitled “Chem istry and 1 Solids” as ou r Conference Dinner Keynote Speaker.
Consequcnt ly, the con ference attracted a total of 235 participants . They are from
th ree con ti nents , includ in g eleven cou nt ries, 29 states, the District of Colum bia ,
and three Canadian provinces.
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PART I. GENERAL PAPERS

CHEMICAL CLASSIFICATION OF STRUCTURES AND
• PR OPERTIES OF LOW-DIMENSIONAL

INORGANIC COMPOUNDS*

P. Day
Oxford University

Inorganic Chemistry Laboratory
Oxford OX! 3QR, England

Efforts to find relationshi ps between the crystal and electronic structures of
compounds and their physical properties form the lifeblood of physical inorganic
chemistry and much of solid-state physics. Ground rules for describing the elec-
tronic structures of simple molecules and solids have been available for just about

• fift y years now, in the form of the Heitler-London (or valence bond) model and the
molecular orbital (or band) model . However , the immense variety of structures
and compound types available to the chemist , as well as increasingl y ingenious ef-
forts in the field of synthesis, constantly challenge our understanding and force us
to renew and refine criteria for physical behavior that previousl y seemed adequate
to describe the paradigm cases known to the physicist. The materials whose
properties form the subject matter of the conference on wh ich this ann al is based
present us with many illustrations of this proposition. It may be appropriate to
begin by mentioning just one of them.

In 1949 Mott ’ pointed out that quite different physica l properties would be
expected from compounds whose ground states were best described by a Heitler-
London wavefunction from those which one would expect of a compound whose
ground state was descri bed by a molecular orbital or band wavefunction . The
simplest example is that of a chain of atoms, each carrying a single valence elec-
tron. The Heitler-London wavefunction describes a ground state that is insulating,
with exactly one electron localized on each atom , and with a considerable activa-
tion energy needed to create the charge fluctuations required for conductivity. The
molecular orbital model , by contrast, would give us ao exactly half-filled band ,
which permits charge fluctuations , or in other words, ionic states, and hence de-
scribes a conductor. Clearly there has to be some crossover from the realm of
validity of one model to the other as a function , for example, of orbital overlap,
interatomic spacing, electronic density, or some other comparable variable. Much

• effort over the last twenty years has gone into a search for inorganic compounds
lying sufficiently close to this boundary on either side that apply ing some external
variable such as pressure or temperature would transform the ground state from
insulating to conducting. M uch interesting structural chemistry and solid-state
physics, mainly of oxides,2 has come out of this activity, but the point I wish to

• make here is that it now appears that there exists at least one whole class of sub-
• stance to which Mott ’s idea, at any rate in its simplest form , does not apply. Ac-

cording to the Mott-Hubbard model, if there is an integral number of electrons per

Manuscript received August 31 , 1977.
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site we either have a metal or else an insulator in which each site carries the same
number of localized valence electrons. Consider , however , the many metal atom
chain compounds of which Wolfram ’s Red Salt , (Pt(EtNH 2)4J(Pt(EtNH 2)5 Cl 2J-
Cl4 .4H 20, could be thoug ht of as a prototype. These compounds are insulators
(at least at ambient pressure,3 and when not deliberately doped with impurities),
and the average Pt oxidation state is ÷3. Yet there are many reasons4 for believing
that in fact the oxidation states of the Pt atoms alternate between +2 and +4. In-
stead of having one electron in each 5d~2 orbital on every Pt atom we have al-
ternately two and none . Wh y?

FIGURE I .  The chain structure of
Wolf ram ’s Red Salt.

3 . 1 3A

The answer is that if we introduce into our chain of atoms, each carrying one
valence electron , a closed-shell atom or molecule bridging every pair of adjacent
atoms, then in addition to the intrasite electron correlation U and the intersite
transfer integral t (which a chemist would call the electron repulsion parameter
and resonance integral), we have a third variable , namely, an electron-phonon
coupling constant. Inclusion of the latter can apparently make it energetically
favorable for the valence electrons to pair up on aIte~nate centers, displacements
of the bridging groups providing the extra variable in the structure that leads to
the new kind of ground state.
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I mention this example at the outset because it illustrates how even one of the
simplest structures one could envisage, the diatomic chain . . .  ABABA . . . ,  con-
tains features that require us to reappraise some of the most fundamental hy-
potheses of solid-state theory. Yet although we can write the “operative” part of
the chain in a straightforward way, the formula of Wolfram ’s Red Salt given above
and shown in FIGuRE 1 exemplifies how relatively complicated molecular architec-
ture is ofte n needed before the requirements for physical behavior approximating
to one- or two-dimensional can be realized. There can be no doubt , however , that
the incursion into solid-state physics of a whole new range of chemical substances
containing layers or chains of interacting atoms has been a strong ly revitalizing
intellectual influence in the last few years , bring ing in its wake both new physical
phenomena such as Peicris distortions and charge-density waves, and also a new
ki nd of partnership between chemists and physicists. The object of this paper is to
introduce, from a chemist’s point of view , some of the compounds whose physical
properties are going to be dealt with in detail by later authors, but at the same
ti me to attempt at the broadest level some kind of synthesis between structure
and properties in the low-dimensional field. Mere categorization in itself is of little
value unless based on a proper appreciation of the magnitudes of the electronic
factors that bring about the observed patterns of behavior.

Let us return for a moment to the Hamiltonian describing a chain of atoms,
using the form introduced by Hubbard. 5 For hydrogen-like atoms it would be
written in its simplest form as

3C 
~~~~~~

C + C ’~~
- UI. I., if io I—a

0 If I

where the summation is taken over all nearest neighbor ions i,j ,  on which the
electron may have a spin of ± o. The spin direction , of course, is conserved when
the electron hops from site to site, but two electrons with opposed spins on the
same site repel one another to an extent determ ined by U. Confining our attention
to compounds between metallic elements and ones with rather higher electro-
negativity, such as C, N , and 0 (though possibly also P and S), the electrons whose
behavior determines the collective properties of the solid are the valence-shell
electrons on the metal atoms. The transfer integral ~ is therefore going to be a
strong function of the metal-metal separation , which , in turn , is going to depend
on the size and nature of any bridging groups or anions. If the only pathway be-

• tween the metal ions lies through such bridges, transfer between the metal ion
orbitals could only take place to the extent that there is a set of orbitals on the
bridging group nonorthogonal to both sets of metal orbitals , and in proportion to
the resulting metal-ligand covalency . Mixing between metal and ligand orbitals is
of course governed by the usual symmetry considerations , which also underlie the

• simple rules relating the dominant sign of the magnetic exchange between lo-
calized electrons in partly filled subshells, and interacting through intervening
anions, as set out originally by Kanamori7 and Goodenough.8 These rules have
their basis in a perturbation approach9 to electron delocalization between metal
and ligand orbitals which attempts to estimate metal-ligand electron transfer by
supposing mixing between two Heitler-London configurations containing different 
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numbers of electrons on the two centers, for example M 2
~ A- and M + A°. Elec-

tronic transitions between configurations of this kind are , quite simply, charge.
transfer transitions. In favorable cases it may even be possible to locate the
excited state in question in the optical spectrum and hence, by estimating metal-
ligand resonance integrals by appropriate overlap integrals, to calculate how much
electrons occupying (for example) d-orbitals are delocalized from one metal ion to
another through an intervening ligand. In the context of some of the metal-organic
substances to be discussed in this volume it is important to realize that , although

TABLE I
SOME SINGLE-VALENCE LOW-DIMENSIO NAL INORGANIC COMPOUNDS

Geometry of
Bridging Groups Chains Layers

M—X— M Silicates (pyroxenes, Silicates (micas and clays, e.g.
amphiboles) monimorillonite)

Sr(PbF 5)F K 2 NiF4 and related
• N bOCI3 compounds

FeF 3~ 3H 20 (Rb 2 MnF 4, Cs2CrC I4, etc.)
Organic intercalated

structu res related to
K2 NiF4((RN H 3 )2 MX 4))

High-oxidation state ternary
oxides (e.g. Ca2 MnO4)

X Nonmeta l oxides
/ \ (Se02, Sb2O3)

M M Polymers of non-metals
(e.g. SNX )

Cr03
X 4-coordinate MX 2

/ \ (a) tetrahedral (BeCI 2 , (a) halides of 3d elements
M M SiS2, KFeS 2) (FeCl2 etc.)
\ / (b) planar (PdCl2, PtS) (b) chalcogenides of 4d and

X 6-coordinate with terminal Sd elements (laS etc.)
- groups Oxyhàlides (FeOCI)

MX 2 • 2Y (X — halogen,
Y — H 20, pynd ine ,
4 phenanthrol inc etc.)

X Hexagonal perovskites — S -

/ \ (a) halides AMX 3
M X M  (A — group IA or
\ / organic cation;

X M — V,Cr ,Mn ,Fe,
Co,Ni,Ca)

(b) oxides (e.g. BaNjO3)
X X Planar d ’ complexes metal-rich phases: GdCl

I I (a) anions: A2( Pt(CN)41
M M (b) neutral molecules:

I I Nidmg2 , Pt bipy2 Cl2
X X (c) salts:

(Pt(NH 3)4JIPtCI 4J

• 
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TABLE 2
SOME MIXED- VALENCE LOW-DIMENSIONAL INORGANIC COMPOUNDS

Geometry of
Brid ging Groups Chains (ID ) Layers (2D)

M—X—M Pt(NH 3)2 C13, Wolfram ’s Ca2~~Y~MnOs
Red Salt , etc.

Magnetic phases ~~~~~~~
X B-subgroup oxides: KCu 4 S3/ \ Pb,04, Sb204

M M TIS

x — —

/ \
M—X —- M

X X K2 Pt(CN)4 8r0 30. 3H 2 O(KCP) GaS
I I K0~~Ir(CO)2 CI2~ 0. 5H 20 metal-rich phases:

M M Gd2CI 3 Ag2 F, Hf 2 S

x x

the kind of strategy we have just described has been applied conventionally to
monoatomic bridging anions like oxide ’° or halides, there is no reason at all why
we should not use it to calculate electron delocalization through polyatomic
ligands that bind simultaneously to two metal ions. The formalism can be applied
in a particularly neat fashion when the ligands have conjugated systems of ~~~

-

orbitals, since one can then use a simple HUckel calculation as a guide to the
• molecular orbital coefficients in the frontier orbitals (organic chemist’s nomen-

clature for the highest occupied and lowest unoccupied) and even to their energies.
We ourselves demonstrated this point a few years ago by calculating “valence de- 

S

localization coefficiera ~,” for mixed valency Fe(II ,III) and Ru(II ,HI) dimers and
polymers in which the metal ions are bridged either by the monoatomic oxide io~,
diatomic cyanide,” or the aromatic molecule pyrazine.’2

In TABLEs 1 and 2 are set out a series of representative examples of metal atom
layer and chain compounds, categorized according to the number, and hence the
geometrical arrangement , of the groups bridging the metal atoms. Clearly we
cannot include every one of the enormous number of layer and chain compounds
now known , but an attempt has been made to include at least one member of
each of the major types. Several generalizations can be made immediately on
inspecting these lists. First, there is a straightforward distinction between con-
tinuous and molecular lattices; that is, between solids in which the strongest low-
dimensional interactions are carried between the metallic centers through bonds
and those made up from discrete molecular units having an independent chemical
existence—for example, in solution or in the gas phase. The latter comprise only
chain examples because they appear to be formed exclusively by flat molecules. In
that connection it is worth noticing in passing that even the most electronically in-
nocuous aromatic hydrocarbon molecules from distinctly chain-like stacks in
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crystals for this very simple reason , altho ugh the details of the str uct ures them-
selves are determin ed by repulsions between nonbonded hydrogens on neighboring
molecules. A second point is that although a few examples of compounds con-
taining only nonmetallic elements have been included , the overwhelmi ng propor-
tion of the examples in TABLES I and 2 are compounds of metals. Polymers of
nonmetals exist in large numbers, of course (e.g. silicones, phosphonitrilics , and
even hydrocarbons!), but few have electronic properties that would make them
interesting to a meeting of this kind.

Apart from those molecular solids consisting of essentially planar units , for
which packing efficiency alone might justify columnar structures, it is an interest-
ing and not very easy question why three-dimensional lattices should order them-
selves in such a way as to produce columns or layers of closely spaced atoms. In
non metallic elemen ts simple operation of the (8-N)-rule based on the attainment of
a closed-shell valence-bond configuration is a sufficient explanation. For instance,
sulphur atoms in Group VI bind two neighbors and so give chains , whereas the
three near neighbors bond in pyramidal configuration around phosphorus define
the infinite puckered sheets found in black phosphorus . Among some classes of

• com pound , too, empirical regularities become clear. In the perovskites, ABX 3,
there exists a very large body of lore ’3 about the conditions needed to produce the
hexagonal arrangement , in which chains of octahedral BX 6 groups share opposite
faces, rather than the cubic type, with BX 6 groups sharing only apices. According
to Stucky and his c lleagues,’4 the hexagonal arrangement is favored by increasing
ligand field stabili; ation energy, larger X groups and , up to a point, larger A
groups, though beyond a certain point large organic cations may favor the forma-
tion of discrete molecular anions such as NiCl 42 .

Fiouaa 2. The alternating layers of organic and inorganic material in (C 10 H 2, N H ) 3)2
MnC I 4 IS
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(i) (ii)

FIGURE 3. MX 2 layers. (i) CdCl 2 and Cd!2, (ii) MoS2 , (iii) K2 N 1F4.

Similar correlations with ionic sizes, and consequently preferred coordination
numbers, can be found among the compounds with a stoichiometry A 2 BX 4, where
X is a halogen and A a uni positive cation. Larger X favor smaller coordination
numbers around B and so produce lattices containing discrete tetrahedral mo-
lecular anions like NiI 4~~. Similarly, bulky A ions lead to discrete molecular
anions. On the other hand , small A, such as the lighter Group IA cations, combined
with small X (F ), form compounds with 6-coordination around B, an d hence in•
finite layer anions of the type found in the K 2 NiF 4 structure. Shape, as well as
total volume, of an organic A-group is also an important influence on the type of
lattice formed by the B and X groups with which it is combined . For example,
tetra-alkylammonium cations, being bulky but also roughly spherical (or at any
rate crab-shaped), yield compounds containing tetrahedral BX 4 anions packed in a
three-dimensional array, but monoalky lammonium cations, being roughly
cy lindrical with the positive charge located at one end , give A2 BX 4 compounds in
which the organic and inorganic constituents are segregated fro m one another ,
as in FIGURE 2.’~ Willett discusses the magnetic properties of some of these un-
usual sheet compounds in this volume.

In simple binary compounds MX 2 electronic considerations are as important
as mere size in determining whether a three-dimensionally infinite lattice or a layer
lattice is formed . For example, many transition metal oxides with the stoichiometry
MO 2 have lattices based on the rutile structure , i.e., essentially three-dimensional,
while the corresponding sulphides , selenides, and tellurides have layer structures,
either of the CdX 2 type, as shown in FIGURE 3(i), or like MoS 2 (FIGURE 3(u )),

• _ _  
- - - S - 
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contai n ing metal ions coordi nated by t rigonal prisms of chalcogenide atoms. In
describing the factors influencing the choice between octahedral metal atom co-
ordi nation , as in the layers of TiS2 , with tri gonal prismatic as in MoS2 and WS2,
it may be relevant to recall that among the very small number of discrete molecular

S coordination complexes with trigonal prismatic coordination , 5d elements in
Groups VI and VII and sulphur ligands such as dithiolates figure strong ly. ”
Among halides, too, we find a similar general correlation between ligand electro-
negativity and propensity for forming layer lattices. Thus the difluorides of the 3d
elements have mostly rutile structures but the heavier hal ides have eithe r CdCl 2
or CdI 2 str uctures , alt hough all have octahedral coordi nation arou n d the metal
atoms. 17

A further category of materials containing layers or chains of closely spaced
atoms, which have begun to assume greater importance in the last few years, are
what one mi ght call the “metal-rich” phases. Usually halides or chalcogenides ,
these are commonl y made by reacting a “normal” compound such as GdCl 3 with
excess metal. In the Gd case, which is quite typica l, one finds compounds Gd 2 CI 3,
containing chains of Gd6 octahedra ,’8 and eventually GdCl , in which these octa-

• hedra have become linked together to form sheets. ’9 The structural systematics of
this transformation , based on the idea of progressively cor~ ensing M 6C18 groups ,
have been neatly illustrated by Simon 20 (FIGuRE 4), who has also reviewed the en-
tire field. Mixed valency metal-rich layer halides like Ag2 F, with the anti-Cd 12
structure, have been known for many years,2’ but have more recently been joined
by the chalcogenides Hf 2 S,22 Nb 2Se,23 and so on . In all examples of this type the
concentration of metal atoms is sufficientl y hi gh for one to be able to talk of
metallic lattices, in one or two dimensions, separated by nonmetal atoms.

Contrasting with the kind of metallic chains in metal-rich compounds , in

o o o o o o o o o Q o
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M
FIGURE 4. Derivation of metal-rich

chain and layer structures by condensing
M 6X5 units. 30
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FIGuRE 5. Examples of metal chain compounds. (I) Bis(dimethylglyoximato)Ni(Il),2’
(ii) Bis~N-ethylpyridinecarboxaldiminato)ps(IJ),29 (iii) Bis(diphenylglyoximato)Ni(JI)
iodide,2 (iv) Bis(dithioacetato) Pd(II).3’

which the repeat unit is itself a metal cluster, metal atom chain compounds formed
by square planar complexes containing more elaborate ligands and chelating
agents are characterized by strings of singly connected metal atoms. Whether the
average oxidation state of the metal atoms is integral or not , simple strings of
metal atoms then form the dominant structural feature. How much electrons,

~~ ~~
‘ excitons, magnons, or phonons propagating on one stack are influenced by what is

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• 

~~~~~~~~ • _
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happening on neighboring stacks depends on such factors as the size of the li gands
around the metal ions and hence the distance between the stacks , the extent to
which electrons in the valence orbitals of the metal ions are delocalized on to the
ligands throug h conjugation, or connections between ligands on neighboring
chains through hydrogen-bonding. Some examples will illustrate the rich variety of
chemical variation possible. FIGURE 5 shows four instances of stacked planar
metal complexes containing oxygen , nitrogen or sulphur-donor ligands. Bis-
(dimethylgl yoximato)Ni( II )2 ’ (i) was one of the first such complexes whose struc-
ture was determined, and it illustrates how closer metal-metal spacings are achieved
by rotating successive molecules in the stack through 90° so that Van der Waals
repulsions between the filled orbitals of the conjugated ligands are minimized .
Similar packing is found in bis(diphenylglyoximato)Ni” iodide~ (iii), where the

• methyl groups of(i) have been replaced by pheny ls, with the result that the stacks
are now much further apart. One result of this bigger separation is that the struc-
ture contains channels which , in (iii) are filled by iodine, proved by resonance
Raman experiments to be in the form of 13 .  A common structural feature of such
“tunnel” com poun ds is variable composit ion (compare, for example , the hexa-
gonal tungsten bronzes), and compounds related to (iii) depart substantiall y from
the formal Ni: ! stoichiometry of 1:1. 26 Note, though , that even if the Ni:I  ratio
were I:  I the metal atom chain would still be mixed valency, since the iodi ne is
present as 13 .  As we shall see later , mixed valency is a fundamental requirement
for high conduction in this class of compound. In fact , the compound (iii) has a
specific conductivity at least l0~ greater than that of the parent unoxidized ma-
terial. Another recently discovered series of compounds, no doubt related in struc-
ture to (iii), are the transition-metal phthalocyanine polyiodides,27 which have
very low activation energies and room-temperature conductivities as high as 1
ohm~~cm~~, although one has to be cautious about attributing the electron trans-
port to d-band overlap, since the metal-free derivative also has a high conductivity.
The contributions of Keller and Marks to this annal deal witt~ this type of com-
pound. A different mode of overlap between planar conjugated organic ligands is
shown in FIGURE 5(u ), where projecting methyl group sut ’stituents also separate
the stacked molecules? It is a good illustration of the way in which subs~ituents
can modify metal-metal overlap, because in the corresponding unsubstitute i corn-
plex , which also forms stacks? the Pt-Pt spacing is 3.245 A, compared with
3.363 A in the methyl com pound. Clearly, the closer one can bring the metal atoms

• together in these stacks, the stronger the interaction between them will be. Par-
ticularly close intermetallic spacings can sometimes be achieved in complexes of
sulphur-donor ligands such as the dithiolates , though in bis(ethylenedithiolate)
Pd(II) and — Pt(II) this results in formation of discrete dimers, which are not
themselves stacked together.30 Another fascinating possibility (FIGURE 5(iv)) is to
join the planar units together by means of bridg ing ligands, in this case simply
dithioacetate , but while the really close contact (2.755 A) takes place wi thin a
discrete dimer , one crystal modification of bis(dithioacetate)Pd(lI) contains stacks
of di mers, and another contains stacks consisting of alternating dimers and
monomers.31

It seems to be a reasonable generalization that for really substantial inter-
metallic interactions in stacked planar Group VI II metal complexes, sufficien t , for



Day: Inorganic Compounds 19

example, to yield a high conductivity, the metal-metal spacing should be less than
• about 3.1 A. Thus the Schiff base complex of FIGURE 5 (ii) is rather a good insula-

tor. This requirement creates a fundamental difficulty when the ligands bound to
the metal ions contain T-electrons, because the metal ions are required to be closer
together than the normal Van der Waals approach distance between conjugated
organic molecules. In cases where the four groups bound in a square plane around
the metal ion have a rod-like shape , for instance, cyan ides, the steric problem can
be solved by rotating alternate metal complex molecules in the stack so that the
ligands avoid one another. Williams and his colleagues32 have pointed out that in
a series of tetracyanoplatinite salts, with both single and mixed valency, there

• 
,, appears to be a rough correlation between Pt-Pt spacing and the torsion ang le

between adjacent Pt(CN)4 units, varying from a completely eclipsed arrangement

N(31)’ 
H(31) 

•

P1(3)- 
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FIGURE 6. Interchain hydrogen bonding in K 1,75 Pt(CN)4 . 1.5H 20.32’3’

in Na2 Pt(CN)4 . 3H 20 (Pt-Pt spacings 3.65 and 3.75 A) to completely staggered
• in K2 Pt(CN)4 Br0303H 2O (Pt-Pt spacing 2.89 A). The point is developed further

in Williams’ contribution to this volume. On the other hand , Van der Waals
repulsion between the cyanides cannot be the only factor determining the torsion
angle because in Rb2 Pt(CN)4 - l.5H 20, with a Pt-Pt spacing of 3.48 A the torsion
angles vary from 29.2 to 35.2’, but in Rb2 Pd(CN)4 • H2O (Pd-Pd spacing 3.72 A)
the torsion angles are only 15.7— 16.8’ .” Since this class of compound invariably
contains water molecules separating the stacks along with the alkali metal cations,

• the other important influence on the arrangement of the cyanide groups is hy-
drogen-bonding to the nitrogen atoms. A particularly clear illustration of this
phenomenon is K 

~~~~~ 
Pt(CN)4 . I .5H 2 O3~~ ( F,ovaa 6) .

I,
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Among the low-dimensional compounds we have been describing are examples
of metals, insulators , semiconductors , superconductors, ferromagnets, antiferro-
magnets, and so on; i.e., just about every kind of solid-state physical behavior
that could possibly be found. One might perhaps just be tempted to say, there-
fore, that the electronic factors that determine this behavior are only a trivial
extension of the well-known principles at work in simple three-dimensional lat-
tices, like the transition metal oxides. In general terms this is, of course, true . The
symmetry requirements of orbitals involved in direct or indirect magnetic- ex-
change pathways and the balance of on-site or intersite electron repulsion and
transfer integrals , for example, are all “local” factors dependent on near-neighbor
pairwise interactions and thus independent of dimensionality as such. Neverthe-
less, restricting the dominant intermetallic interactions to one or two dimensions
by the kind of structural constraints we have been describing has two important
consequences. First of all , the correlation of structure and properties is greatl y
simplified , because of the smaller number of interaction pathways that have to be
taken into account. Second (and from the point of view of physical theory, very
intriguing ly and productively) is the appearance of a whole new realm of phe-

• nomena confined specificall y to low-dimensional materials. The latter, for ex-
ample, charge-density waves and Peierls distortions, are the subject of several
other contributions to this conference.33 On the other hand , the question of a
broader chemical correlation between structure and property in low-dimensional
materials has not been very widely examined.

After survey ing the properties of many different kinds of metal atom chain
com pounds , it was argued in Reference 4 that four broad groupings of physica l
behavior could be distinguished, and that these were correlated, on the one hand ,
with whether the most important near neighbor metal-metal interaction was by
direct overlap or via a bridg ing ligand , and on the other hand , with whether the
compound was of single or mixed valence. These ideas have been developed at
greater length in Reference 36, but we conclude this introductory paper by sum-
marizing them here.

Briefly, our Phesis is that each of the four categories just mentioned is char-
acterized by a quite distinct pattern of physical behavior, with only a vets: small
number of exceptions. Thus, among . single-valence metal chain compounds in
which the intermetallic interaction is carried by bridging anions, for example the
hexagonal perovskites, there are no metallic conductors, and the overwhelming
proportion are magnetic insulators. Single-valence metal chains having direct
metal-metal contact are likewise insulating, unless doped with mixed-valence
impurities , but in the best-known examples, such as the tetracyanoplatinites or
Magnus’ Green Salt, the intermctallic interaction is strong enough to have quite a
marked effect on their optical properties, as described by Yersin (this volume).
Nevertheless, because they are not photoconductors,3’ one has to conclude that
even in the excited state electrons and holes do not become uncoupled. Indeed , in
the tetracyanoplatinites the way in which the energies of the excited states vary
with intermetallic distance strongly supports the view that they should be described
to a first approximation as neutral Frenkel excitons propagating along the stacks
of molecules.38’39

Mixed valency, defined either as fluctuating or nonintegral electron occu-
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pancy of each metal atom site, is a potent factor leading to higher conduction in
chain compounds because much less energy is needed to move a charge fluctuation
already built into the chain than to create an electron-hole pair in a chain in which
each metal atom carries the same integral charge. It is interesting to note that an
explanation along these lines has also been put forward4° for the hi gh conductivity
of the organic charge-transfer salts such as TTF-TCNQ which contain segregated
stacks of donor and acceptor molecules. Nevertheless, not all mixed valence
metal chain compounds conduct; the example we began with—Wolfram ’s Red
Salt—is a good insulator. This is because chains containing anions or molecules
bridging between the metal atoms have, as we showed above in the case of Wolf-
ram ’s Red Salt , a very simple mechanism of electron-phonon interaction that pins
the phase of the charge fluctuation along the chain. The result is a simple super-
lattice of metal oxidation states ( ... II , IV , II , I V . . .  in Wolfram ’s Red Salt)
which places the system in class II of our old classification of mixed-valence com-
pounds4

~ and consequently leads to an insulating ground state. Still , in mixed-
valence anion-bridged metal chains the lowest optically accessible excited state is
no longer a neutral Frenkel exciton but an ionic exciton arising from an inter-
valence charge-transfer transition. The Franck-Condon transition energy of this
kind of state is usually of the order of 1-2 eV a’ (the origin of the red color of
Wolfram ’s Salt), but the relaxed excited state must be much lower. How far is the
bridging anion displaced when an electron is transferred fro m Pt(II) to Pt(IV) in
Wolfram ’s Salt? An elegant means of answering this question is resonance Raman
spectroscopy, as shown in this volume by Clark. It is precisely the axial stretching
mode between the metal and the bridging anion that is selectively enhanced in
intensity when one excites the Raman spectrum of this type of compound by ir-
radiating within the Franck-Condon envelope of the intervalence absorption band.
The relative intensities of successive overtones of this fundamental enable one to
estimate how far along the vibrational coordinate the oscillator is displaced in the
relaxed electronic excited state. A calculation42 based on Mingardi and Siebrand’s43

theory of the resonance Raman effect suggests that at the minimum in the potential
energy surface of the Pt(lI) —. Pt(1V) charge-transfer excited state, the bridg ing
halide ion indeed is nearly equidistant from the two Pt ions, as expected if the
Heitler-London configuration of the state is close to Pt(lII), Pt(III).

All this imp lies very strongly that mixed-valence metal chain compounds with
bridging groups are unlikely to be good conductors. Removing the bridging
groups and bringing the metal atoms into direct contact has two consequences
which are expected to increase the chances of finding high conductivity. First , the
transfer integral is enhanced but equally important , if charge-compensating
anions , necessarily present in simple stoichiometric ratios , are removed from the
metal chain itself and placed in sidegroups or channels between the metal chains;
one then has an opportunity of varying the average oxidation state, or electron
occupancy of the metal atoms’ valence shells, away from simple ratios 1:1 , 1:2,
and so on. This is important if one is to stabilize a conducting ground state, partl y
because electron-phonon interactions that may trap the desired charge mobility
are thereby weakened, but also because the active phonons might have wave-vectors
incommensurate with the underlying lattice. Should that be the case the resulting
charge-density wave might still be able to carry a current. By contrast , in Wolf-
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ram ’s Red Salt one might regard the superlattice of trapped oxidation states as a
consequence of a strong Peier ls distort ion , producing a static charge-density
wave with a wave-vector of 0.5 in the Bri llouin zone of the original u ndistorted
diatomic chain. It is in fact among the mixed-valence directl y interacting metal
chains that the one-dimensional metallic conductors are found , for instance KCP
(K 2 Pt(CN)4 Br030 - 3H 20) and its cation-deficient analog in FIGURE 6. Much more
is written about the m late r in this volume. I n TABLE 3 we simply summarize the
behavior of the four categories of metal chain. Although much of the recent ex-
citement about low-dimensional compounds has resulted from the fact that one
could even synthesize such things as “molecular metals” (a conjunction of adjec-
tive and noun that would have sounded totall y paradoxical five years ago), I
believe that as chemists and physicists we should not lose sight of the sheer variety
of other types of physical behavior accessible to us through this very broad class
of substances. Potentiall y most exciting of all , though , is the opportunity it
presents for chemists to devise quite new kinds of material showing phenom ena
unpredictable by the physical theories designed in earlier days to rationalize the
behavior of much simpler substances. It is to be hoped that the introductory sur-

• vey presented here has succeeded both in showing some of this variety and setting
out some chemical guidelines by which crystal and electronic struct ure may be
related to properties in this fascinating group of substances.
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DISCUSSION -

J. TORRANCE: There are many effects in organic materials that are strongly
analogous to the effects you have described for inoiganic materials. In particular ,

• mixed valence is important in both the TTF halides and (TfFXTCNQ). in addi-
tion , the difference you pointed out between integral and subintegral numb~r of
electrons per molecule is the difference between insulators and metals in the case
of the organic systems. -

DAY: The significant feature in all the highly conducting organic and inorganic
systems is indeed a nonin tegral average number of valence electrons per molecule.
On the other hand , at least in the inorganic systems, one has to be aware that the
reverse of the preceding statement is not always true: a nonintegral number of
electrons per molecule is necessary, but not a sufficient condition because charge
fluctuations may become very deeply pinned as a result of the different geometrical
coordination preferences of different metal-oxidation states.
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Pscudo-one-dimensionality, l-D , has been ascribed to inorganic and organic
materials that possess an extended columnar structure and anisotropic intensive
physical properties in the solid state. Such materials which possess interplanar
spacings less than the sum of the van der Waals spacings, nominall y < 3.0 A for
inorga n ic,’ and <3.3 A for organic 2

~
3 based colinear chains, exhibit a variety of

significantly anisotropic and unusual optical , magnetic, electrical, and mechanical
properties. 4 Some examp les of novel chemica l and physical properties associated
with l-D materials are listed in TABLE I . A property that has been a barometer
for the interest in l-D materials is the electrical conductivity. Several I-D materials
exhibit hi gh room-temperature conductivity ~~ 10 12 times larger than typical in-
organic and organic insulators~’), a metallic state at room temperature , and
metal-semiconductor , which is commonl y denoted as a metal-insulator transition
at lower temperature. 7 Thus , due to novel chemical and physical properties
associated with one-dimensional materials , which potentiall y lend themselves
to fu t ure technologies, and to the historical scientific and technolog ical interest
in finding a high temperature superconductor ,9 there has been an avalanche

• of industrial , governmenta l , and academic interest in this area.4 In order to
fully understand and extend the salient features and ramifications of the chem-
ical and physical properties of such pseudo-one-dimensional systems, however ,
new l-D inorganic , organic, and polymeric materials are required. Further-
more , the chemistry of established materials have to be better understood.

The highly conducting materials thoroughly characterized to date are few in
number and are represented by exemplary inorganic. KCP[K 2 Pt(CN)48r030-

3H2)) ’° (FIGURE Ia), organic, (TTF)(TCNQ),” - [tetrathiofulvalenium-7 ,7,8,8-
tetracyano-p-quinodimethanidej (FIGURE Ib), and polymeric, poly(sulfurnitride),
(SN)~,’2 (FIGURE Ic) materials. Some specific examples of novel anisotropic
physical properties that have been reported for these materials are tabulated in
TAB LE 2.

Herein we describe the synthetic features of the transition metal and organic
charge transfer salts that are amenable to manipulation so that new and modified
materials exhibiting some of the properties listed in TABLES I and 2 can be pre-
pared. No attempts are made to rigorously discuss the synthetic features of
(SN)~.’3 Poly(sulfurnitride) is anomalous among the materials considered herein
in the sense that its electronic properties are those of an anisotropic polymer cx-
hibiting superconductivity .’4

The salient features of a metallic state are now presented. Then the following
section discusses the design considerations currently considered for the design and

Manuscript received July I I , 1977.
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TABLE I
NOVEL CHEMICAL AND PHYSICAL PROPERTIES ASSOCIATED WITH l-D SUBSTANCES

High Cond uctivity
Metallic State
Metal- Insulator Transition
Charge Density Wave
Superconductivity
Homogeneous Nonstoichiometry
Mixed-Valency (Homo- and Heterogeneous)
Cooperative Magnetic Interactions
Large Anisotropic Ratios for Intensive Properties

synthesis of organic and inorganic materials. Finally, the synthetic efforts throug h-
out the world as well as general preparative techniques are briefl y summarized.

THE METALLIC STATE

Since metal-like materials are the principal synthetic goal in this paper , it is
apropos to describe briefl y the attributes of a metallic state that are useful in its
characterization. A metallic state implies several characteristics associated with ,
but are not exclusive to, elemental metals. ’~’~ Fundamentally, metals possess a par-
tiall y filled electron energy band’6 from which its distinguishing features are de-
rived. A partially occupied band implies the existence of extended unoccupied
electronic energy levels infinitesimall y separated in energy (i.e., << k T )  from the

~~~~~~~~~~~~~~ 
—

TTF -.~~
‘
~~~.iiA1 ‘c~~~b

N

% 

H~~

_

~~H 
,N

(TTF)(TCNQ)

TCNQ

FIGURE Ia. Structure ofthe prototype l-D inorganic (K2 Pt(CN)4Br0 j0 . 3H20; KCP)’° sys-
tem.

4

-



-~ —~~ -

Miller: Highly Conducting One-Dimensional Materials 27

-

~~~~~~~~~~

~~~3 O ~~~~0 -

N 0 0

(a)

~~©— ~—@®
1~~ 3~~~~~~

Q3
N C  C N

N C C N 
~~J®—l ‘—®.®

•rt Qer,cIO~~~
H2o

FIGURE lb. Structure of the prototype I-D organic ((TTFXTCNQ)) ” system. Dark
circles refer to TCNQ.

FIGURE Ic. Structure of tl~
prototype l-D polymeric ((SN)~I N 

- - -

system. 

- - 

- 

- 
- -. 

--

-•- • -  ~~- - -~~~ ---~~~~~- -~~~~-- ----- - - - - -—- - - - ---



28 Annals New York Academy of Sciences

TABLE 2
SELECTED PHYSICAL PROPERTIES OF PROTOTYPE I -D INORGANIC ,

ORGANIC , AND POLYMERIC MATERIALS

KCP LTTF)(TCNQ) (SN)~
- Inorganic Organic Polymeric

ii a
Conductivity, R 1 T,

300’ I x l0~~
’ 5OO— 10O~ 51) 

3,70014,d 370 ’~
Thermoelectric Power ,

3O0’K,~~V K ’ _3C ~~~~~ +i 8 r _ l.5m ~~~~
Ground State Semiconductor’ Semiconductor 1) Superco nductor ’4
Reflectivity > 80°,~ <9%~ > 55% h — 12% 91J0/d ._
Appearance Bronze Metallic Black Gold
Dielectric Const. (4 K) 3,00& 4’ > 3,200’ 6’
Refractive Index~ 2.32 1.80
Magnetic State para.k dia.k

‘ZELLER , H. R. & H. BECK. 1974. J. Phys. Chem. Solids 35: 77.
bCOH EN , M. 3., L. B. COLEMAN , A. F. GARITO & A. 3. HEE GER. 1974 . Phys. Rev. B.

• 10: 1298.
CCHIAN G , C. K., M. J. COHEN , A. F. GARITO , A. 3. HEEGER, C. M. MIKULS KI & A. G.

MACDIARMID. 1976. Solid State Commun. 1*: 145 1.
d — <18,000 cm~~, PINT SCHOV IUS, L., H. P. GE 5ERICH & W. MOLLER. 1975. Solid

State Commun . 17:477.
CKUSE , D. & H. R. ZELLER. 1972. Solid State Commun. 11:355.
~KWAK , 3. F., P. M. CHAIK IN , A. A. RUSSEL, A. F. GAR IT 0 & A . J. HEEG E R. 1975. Solid

State Commun. 16: 729.
1< 15 ,000 cm— ’ ; BRUESCH , P. 1975. Lect. Notes in Physics 34: 194 .
h~~~ Reference 3.
KHANNA , S. K., A. F. GARIT O , A. 3. HEEGER & R . C. JAKIEvI C . 197 5. Solid State

Commun. 16:667.
iMARTIN , D. S., JR., R. M. RUSH , R. F. KROENIN G & P. F. FANWICK. 1973. Inorg.

Chem. 12: 301 (for Magnus ’ Green Salt).
k MENTH, A. & M. J. RICE. 1972. Solid State Commun. 11: 1025.
1JAKLEv IC, R. C. & R. B. SAILLANT. 1974. Solid State Commun. IS: 307.
mCOHEN, M. J., C. K. CHIANG, A. F. GARITO , A. I. HEEGER , A. G. MAC DI ARMI D &

C. M. M I KULSK I . 1975. Bull. Am. Phys. Soc. 20: 360. -

extended occupied states. This allows for a net change in electron momentum when
an electric field is app lied. Consequently, metals are good conductors and exhibit
a variety of other distinguishing properties. 15

A molecular solid may not possess all of the above criteria as applied to dc-
mental metals; however , the physical properties in some situations simulate several
that are typically associated with a true metal. Thus , the metal label is a misnomer.
However, even to be classified as a metal by relaxed criteria , a substance must , in
at least one direction , exhibit several properties characteristic of a metal. The most
characteristic features lie in the electrical , optical , and magnetic properties.

Although metals exhibit high conductivity, e.g. ~ > 10 f l ’  cm~~, high con-
ductivity is insufficient to characterize a material as being metallic. The tempera-
ture dependence of the conductivity is a critical measurement. The conductivity
for a metal increases with decreasing temperature (FIGURE 2(a)), whereas for semi-
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FIGURE 2. Illustrations of the idealized temperature dependence of the conductivity for a

metal (a) and a semiconductor (b).

conductors (even semiconductors with a large room-temperature conductivity,
5 10 (1~~ cm~~) the conductivity decreases with decreasing temperature. Fia-
URE 2 depicts these idealized temperature dependences of conductivity.

It is important to point out that the typical metal-like I -D inorganic or organic
complex exhibits either the temperature-dependent conductivity illustrated ’ by
(TTF)(TCNQ) or (NMP)(TCNQ) ” in FIGURE 3. These two complexes exemplify
the two observed types of temperature dependencies of the conductivity for l-D
metals. The common features are that both prototype materials exhibit a metal-
like state; i.e., du/dT < 0, at higher temperature and both materials reach a con-

9000 I I i 500

A
I’

7000 - - 400

(TTF)(TCNQ)

FIGURE 3. The temperature de- 1~
pendence of dc conductivity ’ of .
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ductivity maximum , 
~maz ’ at lower temperature. The temperature at which the

maximum occurs is labeled as a metal-insulator transition temperature , TM,.5’7

The dissimilar features between these tl(T) dependencies is the magnitude of
both the room temperature and maximum conductivities , 

~ RT and 
~ maj , respec-

tively. One of the areas that has been the focus of vigorous investi gation has been
the attempt to lower the TM, and to increase 

~~RT and ~~~~~ throug h structural
modification.”8”9 The conductivity of (TTF)(TCNQ) is significantl y greater than
that reported for (NMP)(TCNQ). ’ For examp le , [a(UF)(TCNQ)/ a(NMp)(TCNQ)JRT 52
and (*lma,/a Rr)(TTF)(TCNQ) > 10 >> ( T ma x / T RT)(NMP)(TCNQ) — 1.15 . Furthermore ,
and most sig nificantl y, the o (T) for temperatures above TMI exhibit  a negative
curvature (i.e., ô2 c/0T2 < 0) for (NMP)(TCNQ) and a positive curvature for
(TTF)(TCNQ). Only a few organic materials , based on redox active donors and
acceptors (e.g. semimetal lic (TTF)(TCNQ) and anisotropic 3-D (SN)~) exhibit
a positive curvature. The large class of materials that exhibit the negative curva-
ture , e.g., those listed in TABLE 3 appear to be not metallic but to fit a semi-
conductor with a strongly temperature-dependent mobility description. ’7

TABLE 3
SELECTED HIGHLY CONDUCTING l-D MATERIALS THAT EXHIBIT NEGATIVE CURVATURE

IN THE TEMPERATURE DEPENDENCE OF THE CONDUCTIVITY

Material Re ferences
(NMP)(TCNQ) 16
Quino linium (TCNQ)2 3
Acridinium (TCNQ)2 3
Acridizinium (TCNQ)2 *

TTT12(Ni( 5 2 C2 H 2)2 80
(TTF)(SCN)0 ,., 981,k
(NMe 3 H)(1)(TCNQ) 59
K 2 Pt(CN)4 Br0~~. 3H 2 0 8c

0000LIN, A., S. P. ZOLOTUKIN , V . I. MEL r ~IKOV , E. I . RASH BA & I. F. SHCHEGOLEV .
1975. JETP Lett. 22: 278.

Another important chafacteristic of a metallic state lies in the optical prop-
erties. A metal exhibits a Drude edge (— 100% reflectivity) and plasma frequency
that give all metals their characteristic metallic luster, Many materials exhibit
high reflectivity in the solid state. 20 This is a manifestation of a high refractive
index and suitable morphology for the solid 20” and is independent of metallic
behavior. A Drude edge is a specific frequency dependence of reflectivity whereby
the reflectance resembles the “S”-shaped curve illustrated in FIGURE 4(a), which
is a fingerprint of a metal. Many l-D metals exhibit anisotropic reflectivity such
that the component of the reflectivity parallel to the chain axis exhibits the Drude
edge. The portion of the reflectivity spectra in the visible region accounts for the
observed metallic luster of the material. Consequently, many l-D metals look
metallic , e.g. metallic luster parallel to the chain axis . 2t If , however , the Drude
edge is in the ir , then the complex will be black and will not exhibit a metallic
luster [e.g., (TTF)(TCNQ)j.

Besides these so-called I-D metals , many inorganic , organic , and polymeric
materials also appear metallic. 20 This is a manifestation of the frequency depen-
dence of the reflectivity in the visible portion of the spectra that the human eye



Miller: Highl y Conducting One-Dimensional Materials 31

UV VISIBLE • IR UV • VISIBLE IR

W*IELENGT H W~/ELENGTH
( a) (b)

FI~JUEE 4. Schematic illustration of the frequency dependence of the reflectivity for a
metal (a) and a hig hl y reflecti ng nonmetal (b).

perceives the material to appear metallic. Thus , “... often you have heard that
told ,” that “All that glitters is not gokt . , , ~ ‘22 This phenomenon is best il lust rated
in FIGURE 4. In FIGURE 4(a) a n idea l ized Dr ude edge and plasma frequency for a
metal is presented. Similarly, in FI GUR E 4(b) a reflectivity curve for an idealized
highl y reflecting nonmetal (e.g. semiconductor) is illustrated. Note that the portion
of each spectra that is detected by the h uman eye looks equivalent. Thus , the eye
cannot ascertain whether or not a substance is a metal , “Fool’s gold” (iron pyrite)
is anothe r example where the eye has h isto r ically been deceived .

The magnetic properties of a metal may also be used to characterize a molecu-
lar solid as being metallic.” One-dimensional materials may exhibit a variety of
cooperative and localized magnetic properties. Poorly conducting substances that
are comprised of paramagnetic building blocks typ icall y exhibit antiferromagnetic
(and sometimes ferromagnetic) behavior. ’ Metals , however, exhibit nearly tern-
perature-independent paramagnetism , TIP , which is useful and important in the
characterization of a metal. FIGURE 5 schematicall y i ll ustrates the va rious types
of temperature dependence of the magnetic susceptibility found in interacting
magnetic systems.

DESIGN OF HIGHLY CONDUCTING l-D MATERIALS

A variety of features appear mandatory for the form ation of a hi ghly con-
ducting l-D material. The most important is simply the necessity for the resultant
material to possess a partially occupied conduction band , ” This may be achieved

FIGURE 5 Schematic illustra
~~~~~~~~~~~~~~~~~~~ tio n of the temperature depen-

dences of the susceptibility for a
parama gnetic , ferromagnetic , F M ~~PCT$C

antiVCrromagn ctic , and tempera-
ture-independent paramag netic

TC~~EMTU~E pdDcpvWr ~ RAMAONETIC
a

• ~~ - - 
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METAL SEMI- INSULATOR
CO#~DUCTOR SEMI -METAL

FIGURE 6. Schematic illustration of the electronic structure of a metal , semiconductor ,
and ins ulator with a gap, E1, and a semimetal. ’ For l-D semimeta l the donor , e.g., TTF,
gives some electrons to the acceptors , e.g., TCNQ. This gives rise to two partiall y occupied
conduction bands.

through I) nonstoichiometry of an ion such that the band to conserve charge is not
completely occupied; 2) the formation of a semimetal from redox active donors
and acceptors such that a fraction of the electrons are transferred from the highest
occupied band to a low-lying unoccupied band (this situation does not alter
stoichiometric number of electrons in the system); and 3) a chain comprised of

• radical ions and nonredox active diamagnetic counterions or possibly 7-radicals.
FIGURE 6 conceptually illustrates the band structures for these cases as well as
the semiconductor case. From empirica l observation of known materials it tu rns
out that in general the I-D transition metal complexes achieve a conduction band
situation throug h nonstoichiometry of a charged species, whereas both (SN)~’ and
(TTF)(TCNQ) (and derivatives thereof2’3”) achieve a conduction band through
semimetal formation. Closed-shell TCNQ complexes, e.g. (N-methy lphenazinium)
(TCNQ and (quinolinium) (TCNQ)2 are examples of the third type of situation. 2’3
Thus, because of this important distinction the criteria for the design of transition —

metal complexes differs in some ways with the design of highl y conducting organic
and polymeric materials.

- c~~

~ Q ~~~~~~~~
“ DKRGY 

NC—  — C N

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- 

NEC— —C~N (3 + ~+) -

SEP*RIflON SETWEEN MOLEOA ES “ C ,,,, .- -

(0) 
•_pc 4, (C)

(b)

FIGURE 7. Schematic illustration of band formation. (a)-Molecules brought together to
form a band; I (b)-illustration of the o~ (d,2) ba nd in the tetracyanoplatinate s; ’ and (c)-illus-
tration of the band overlap arising from the overlap of a pair of b2, TCNQ orbitals.
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Herein , the chemical requirements for band formation are addressed. It should
be clearly stated that design criteria for highly conducting l-D substances reflect
a large component of the author ’s personal opinions as well as pragmatic results.
Besides this article , articles that princi pall y focus on this issue have been written by
several other groups. I8.I9.33b Their work has proved invaluable in the preparation

• of this paper, especially since the topic is evolutionary in nature. It is the principal
atte mpt in this article to avoid in-depth ph ysical argum ents , and qualitatively de-
scribe briefl y in chemical terms the important criteria for the design of highl y con-
ducting l-D substances. The demonstration of the importance of the criteria will
emerge only when the results are evaluated.

Hence, in order to achieve high conductivity it is necessary to have band for-
mation arising from the uniform overlap of molecular orbitals between adjacent
molecules in the chain (FIGURE 7). Thus , to maximize the probability of strong
band formation , a variety of considerations are important which include : I) steric,
2) electronic, 3) charge, 4) orbital symmetry, 5) Coulombic repulsion , 6) coun-
ten on , 7) molecular vibration , 8) disorder , 9) solubility, and 10) hydrogen bonding
considerations. These poin ts are described below .

STERIC CONSIDERATIONS

Clearly, in order to facilitate high conductivity , strong band formation (i.e.,
large bandwidth) must be achieved. Thus , a molecular repeat unit must be able to

• overlap with each other in such a way that close approach is permitted. This is
• best accomplished through the judicious use of planar building blocks which pos-

sess small nonbulky ligands such as halide , CO. or CN -, or substituent groups
such as CN and H. Rigorously planar inorganic and organic molecules have the
greatest probability of permitting the close approach necessary for the achieve-
ment of strong band formation. FIGURE 8 illustrates hypothetical molecular
geometries for inorganic complexes. Only square planar complexes have as yet
been incorporated in a l-D inorganic complex and planar aromatic organic
moieties have been used ~n the formation of “organic metals.” -

Since the van der Waals spacing for 7-aromatic species (
~~ 

3.45 A,23) is sig-
nificantly greater than the metal-metal interactions that have been reported for
highl y conducting third-row inorganic complexes (< 3.0 A,”~ ), it is important to
use small nonsterically encumbering ligands and substituent groups to ensure
that ligand-ligand repulsions do not prevent the transition metal complex from
the necessary close approach needed for band formation. This is an important

• consideration , especially in Little’s prescription for design of an excitonic super-
conductor.’ This consideration can be relaxed , however , through the judicious use
of ligands with the appropriate MO symmetry to stabilize the I -D system through
intermolecular back-bonding~ ’2’ (vide Inf r a). Furthermore, this size argument is
relaxed in the design of highly conducting transition metal-containing complexes
based on band formation derived from ligand-ligand overlap (p, AO’s), instead
of direct metal-metal interactions (d,2 AO’s). An example of this arises from the
iodine of oxidation of various phthalocyanine complcxes.~

Attempts have been made to prepare binuclear complexes with ladder-ty pe
l-D chains.27’~’ This may be accomplished by the use of M2 L~ or possibly M 2 L4

~~~ -

-*

~
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FIGURE S. Idealized inorganic complexes that could accommodate a l-D chain. Only the
MI 4 situation hr.s been realized for a segregated chain.

materials (FIGURE 8). In either situation , in order to accommodate intramolecular
metal-metal overlap, the ligands, L, must be eclipsed. Thus, significant stenic
repulsions must be overcome. The attempts to prepare l-D chains comprised of
M 2 L6, whi le invol ving exciting new chemistry,2’ have not been successful. An-
other example worth considering is the dicarbonylpiatinate trimers which stack as
if Pt(ji- CO)COJj planes? It is conceivable that an infinite chain of Pt3(~sCO)3-
(CO)3~ planes would exhibit extremely interesting anisotropic pro~crties. Syn-
thetic attempts, however, have not yet yielded materials with n planes.

In contrast to the rigorously planar building blocks discussed above, some
molecules possess nonplanar ligands or substituent groups that are amenable to
crystallization of a molecular solid with an interlocking structure and cannot be
discounted as possible candidates for achieving high conductivity . For example,
the nonplanar bulky ethyl group appears a priori to be an undesirable substituent
group. This is borne out in the case of going from the l-D Magnus’ Green Salt,

- •  - --- • - — — - --- - .— — . 
~~-~~-~~~ -•
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Pt(N H 3)4( PtCl4), to the non- l -D Pt(NEtH 2)4 PtCl 4 complex. 20 H owever , the
l-D Woliframs Red” (FIGURE 9) and Reilers Green salts 3”’ both contain ethy l
groups. This is not surpnisii~g, due to the large Pt-Pt spacings; 2’ however , the
highly conducting (TTF)(2 , 5-diethyl-7 , 7,8, 8-tetracyano-p-quinodimethanide)
contains an ap propriate interlocking structure with short Et2 TCNQ-Et 2 TCNQ
spacings’2 (FIGURE 9(b)) and exhibits a metallic state. Wheland and Gillson fur-
ther point out that 2,5-TCNQ substitution with five or six side-chain oxygen or
carbon atoms does not significantly affect the electrical properties. 33

The conclusion from the above steric arguments is that although planar build-
ing blocks have the greatest probability of forming a highly conducting l-D
segregated chain complex , judicious use of space-filling models can be useful in
determining conformations of species with bulky substituents that can form a solid
with an interlocking structure , permitting short interplanar spacings. It appears
that methyl, ethyl , and fused five-membered rings containing methylene groups
may support the type of structure desirable for a l-D chain.

ELECTRONIC CONSIDERATION

Besides stenic considerations , electronic factors are extremely important in the
design of a highl y conducting l-D complex. To ensure band formation , the energy,
spatial extension , and symmetry of the molecular orbitals that overlap to form the
band are important considerations. To ensure band formation , the energy of the

• band-forming MO’s must be as close in energy as possible.” The actual energy -

of band-forming MO’s is typically unknown , and , in general , difficult to ascertain.
This problem is eliminated , however , when the equivalent MO’s overlap. This is
accomplished by having the identical inorganic or organic species form a segre-

PI ty 
—

( a)  (b )

FIGURE 9. l-D chain structures containing bu lky ethyl , C2 H 5, groups. (a)-The structure
of Wolft’rama Red Salt (X—Cl) and Reilens Green Salt (X—Sr); [Pt ”(EtNH 2) J-
1p1IV (EtN H 2 )2 XJ x4 .~~‘ (b)-The structure of 2,5-dieth y l-7 ,7,8,8-tet racyano-p-quinodi-
methane as the TTF salt.32
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gated l-D chain. Many examp les of this are listed in TABLE 4. It is important , how-
ever , to note that a uniform segregated l-D chain is insufficient to ensure a metallic-
like state or even high conductivity, e.g. Ir(CO)2(C ,H7 O),’4 bis(g lyoximato)
complexes,25”~~ and N , N , N’ , N ‘-tetramethyl-p-phenylenediamine . ’7 One-dimen-
sional chains that form alternating [ . .ADADADAD. ‘‘J (A 2 acceptor; D 2

donor) chains have a low probability of forming a conduction band and con-
sequently probably will not form the structural and electronic basis of a highly
conducting l-D chain. Some examples of this are inorganic complexes with alter-
nating cations and anions , e.g. Magnus ’ Green Salt , [Pt ”(NH 3)4J [Pt ”Cl4), ” or
alternating complexes in different oxidation states 1 e.g. Pt ”/Pt 1” : Woliframs Red
Salt , Pt ’ ‘(EtNH 2)4J[ Pt “(EtNH2)4C12J C14311’ (FIGURE 9(a)). Organic examples ’9 in-
clude various donor-acceptor complexes such as (phenazine) TCNQ.4°

Given that the molecular building block fits the above steric and electronic cri-
ter ia , it is important to maximize band formation by maximizing the appropriate
d~2 or p~ overlap. Thus , it is desirable to increase the spatial extension of the
band-forming MO’s. In general , the spatial extension is proportional to the prin-
cipal quantum number of the elements from which the MO arises. This is par-

TABLE 4
EXAMPLES OF MOLECULAR SPECIES THAT FORM
HIGHLY CONDUCTING SEGREGATED l-D CHAINS

tet racyanoplatinatc (TCP) see FIGURE Ia
bis(oxalato)platinate
dicarbonyldichloroiridate
chlorotnicarbonyliridate
7,7,S,8-tetracyano-p-quinodimethane (TCNQ) see FIGURE lb
11 , 11 ,12 , 12-tetracyano- 2,6-quinodimethan e (TNA P), 19
tetrathiofulvalene (TTF) see FIGURE I b, -

tetrathiotetracene (ITT), 14

ticularly important for square planar inorganic transition metal complexes where
the extension increases as 3d 2 << 4d~z < Sd,2 . Thus , the third-row transi t ion
metal complexes have the greatest probability, e.g. Pt” > Pd” > NI ”, of forming
a highly conducting l-D chain based on band formation. To date, no highly
conducting metal-based complex (a, band) has been prepared from first- and
second-row transition metal complexes.

For organic ligand-based highly conducting materials, the p, atomic orbi tal ”~
is the building block that must be considered. Ideally, silicon and other analogs
would be desirable; however , routes to these materials (even assuming that the
rest of the desirable properties are not sacrificed) have not been reported.

CHARGE CONSIDERATIONS

For inorganic and organic complexes the spatial extension can also be in- 3
creased through the introduction of an additional electron (lcu attractive positive

- 

charges to contract the spatial extension of the orbitals in the system). This, of

---

~ 

- ------ -
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course, will be counterproductive in the sense that although the additional
- - Coulomb repulsion will increase the spatial extension of the band-forming MO’s,

the incremental Coulomb repulsion will also prohibit adjacent molecular planes
from the necessary close approach. Thus, the Coulomb repulsion must be indepen-
dently modulated (vide infra) . For inorganic complexes this can be accomplished
by use of a transition metal (third row , vide supra) with a smaller nuclear charge.
Thus, it is anticipated that the greatest spatial extension would increase for square
planar complexes as 080 > Ir ’ ~

. Pt” > Au ”. Highly conducting l-D chains
of h ’ and Pt” have been reported, but none have been reported for Os0 and
Au ”.”~ Osmium (0), however, prefers to form clusters and does not form square
planar complexes.4’ Gold(III), by contrast , forms numerous square planar com-
plexes; however , further oxidation to a higher oxidation state, unlike Pt ” and
~~~~~ is unrealistic under ordinary conditions.42

This alludes to another facet of the electronic criteria , that it is important to
utilize a conducting chain building block that has two stable oxidation states,18”9

— for example, Ir ’/Ir”, Pta/Pt”, Hg~°~/Hg’; TTF°/TTF ’ ; and TCNQ°/TCNQ ’ .
Such a condition is capable of supporting charge fluctuations along the chain and
enhances the probability that the substance can stabilize a highly conducting state.

• Thus, bivalent materials should be used for the repeat unit.
An additional synthetic variable that can be considered is the use of anionic

• moieties in the segregated I D  chain. Clearly, in contrast to a net positive charge
that will contract the spatial extension of band-forming MO, a negative charge
will increase the spatial extension of the MO. It is thus seen that most of the
highly conducting and metallic I-D complexes reported to date are based on
anions such as tetracyanoplatinates and TCNQ’ -. An example where the differ-
ences in the charge on a species can strongly affect the redox ability of a material
is illustrated with the comparison between Pt”(CN)42 ~ and Pt”(CNCH,)42’ ,”
which exhibit virtually identica l electronic absorption spectra and electronic states
in solution. The former anion can easily be oxidized and partiall y oxidized ,
whereas the latter cation is unstable with respect to oxidation.”

Because of the delicate balance between orbital extension ~n space (giving a
greater bandwidth) and the increase in Coulomb repulsion , it is not known how
important the anion criteria is in the formation of a l-D chain. Clearly, several
examples of highly conducting species arising from the segregated cation stacks
exist (TABLE 5). High conductivity and even a metallic conductivity has been
reported for various substances listed in TABLE 5.

ORBITAL SYMMETRY CONSIDERATIONS

Another aspect of the electronic structure that mus-1 be carefully considered is
the symmetry of the band-forming MO’s. Since highly conducting l-D materials
have uniform interplanar spacings significantly less than the sum of the van den
Waal radii , the overlap of the band-forming MO’s must be appropriate to support
band formation and a net bonding situation where partial oxidation or semimetal
formation is achieved. Consequently, the symm etry of the orbital, must be com-
patible with overlap of the identical wave-function on an adjacent molecule. Were
this not the situation , a nonband-forming situation would be operative and close

i~t
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approach of the molecular planes would be prohibited. For organic l-D complexes
based on TCNQ, the overlap of the b2, POMO orbital on each moiety defines
the resultant overlap seen in the highl y conducting TCNQ chains (FIGURE
7(b)). ’9’4’ Similarly, the overlap of the a11(d,2) platinum orbitals in KCP de-
fine the colinear chain (FIGURE 7(c)). Other crystal forces , however , may be
important enoug h for the resultant structure to deviate from linear ity .2 5,4546 An
example of this is seen in the structure of K ,75 Pt(CN)4 . l.5H 2 0, which possesses
a zig-zag Pt chain. The zig-zag chain has been exp lai ned as resulti ng from dis-
symmetric electrostatic forces on the tetracyanoplatinate moiety.47 5°

The considerations of MO symmetry can be extended in inorganic systems con-
tain ing chelating l igands to incl ude the necessity of inter molecul ar backbondi ng
so that stenicall y encumber ing li gands can , in fact , support the formation of a
highl y cond ucting chain. Intermolecular backbonding between a h ig her occup ied
MO on one plane with a lower unoccupied MO on the adjacent plane contributes
to the stabilization of the l-D chain and to the conformation of the chain. This is
seen for both the highl y conducting bis(oxalato)platinates2’ and a variety of
bis(g lyoximato) complexes.2’

For example, a p riori, the steric interactions anticipated for the bidentate
oxalato (ox 2 ) ligand separated by a short — 2.85 A in the partiall y oxidized
bis(oxalato)platinates can be rationalized via an intermolecular backbonding
model.24 The results of application of the model are in good agreement with the
observed 60 and 7Y relative rotations for Mg0 ,6 Pt(ox)2 ‘ 5.3H 2 O” and
K 16 Pt(ox)2 - l.2H 2 0,’2 respectively, as HOMO-LUMO ligand-centered back-
bonding is maximized , at — 60 relative rotation (FIGuRE 10). Intermolecular
backbonding contributes to the stabilization of the partially oxidized l-D chain by

- TABLE S
SEGREGATED HIGHLY CONDUCTING l-D CHAINS COMPRISED OF CATIONS

Complex l-D Chain References
(TI’F)(Cl)or T’I’F 3.7 98e
(T1’F)(Br)0 7 1FF 300 98c,i
(TTF)(I)0 7 TTF 360 981, 98g.

98c, 98h
(TrF)(SCN)0 5., TTF 550 98i, 98k
(1’TF)(SeCN)0,,, h F  — 650 9Sf , 98i , 98k
TSeI(Cl)0., TSCT - 

2000
111’ I ,~ ITT 900 82, 84
Till ITT 50 84
Hg2.~ AsF, Hg , 10’ *

Ni (phtha locyanin e)l Ni(phth) > 10 2 26
Rh(CNCH—C H 2)4~Cl - Rh(CNCH ~~CH 2)4 > I t
M(glyoxime)2 X, M(glyo xime)2 — 10 ’ 35, 36

*BR0wN , I. D., B. D. CUTFORTH , C. 0. DAvIEs , R. 1. GILLESPIE , P. R. IRELAND & J. E.
VE KR IS . 1974. Can. .1. Chem. 52:791; CUTFORTH, B. D., W. R. DATARS , R. J. GILLESPIE &
A. VAN SCHYNDEL. 1976. Adv. Chem. Ser. 150:56.
tO0RDON, I., II. This volume.
XZOLOTUKH I N , S. P., V. F. KAMIP4SKII, A . I. KoTov , R . B. LugovsKII , M. 1. KHIDEkEL ,

R. P. SHIBAEV A , I. F. SCHEGOLEV & E. B. YAGUBS KII. 1977. Zh. Eksp. Teur. Fiz. Pizma.
25: 480.

____  
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~~ 7’

FiGURE tO. Intermolecular backbonding in the bis(oxalato)plati nates. ~ Eight inte r~
molecular backbonding overlaps between the HOMO and LU MO of b2, and b3, sym-
metries. respectively, for the bis(oxalato)p latinates . The primed atoms represenl the
HOMO.

providing an addition al , albeit weak , bonding mechanism as well as providing for
another mode of backbonding that contributes to the reduction of the Coulomb
repulsion in the band (vide inf r a).

OQM~~O
0110

This concept has also been exten~ t e poorly conducting square plana :
bis(glyoximato) complexes. The divalent bis( I ,2-benzoquinoneglyoximato) corn-
plexcs of the nickel triad , I, (M — Ni , Pd, Pt) forms a l-D chain with uniform
short interplanar spacings.’2~~ The unoxidized complexes have a 90 relative
rotation between adjacent molecular planes.” This is reconciled by the HOMO-
LUMO intermolecular ligand backbonding model (FIGURE 11(a)) . 2’ Upon oxida-
tion , however, the relative conformation is altered to be ~

- 60.M4* This change
in conformation is explained in terms of a change in ligand-ligand interactions
(Ftcuu II (b)).” Thus, unlike th , situation with , the bis(diphcnylglyoximato)
nickel triad compkxes ,”” whereby oxidation depletes electrons from the a, band
and consequently the ligand -ligand intermolecular interac tions are not altered

• upon oxidation ,2’ the electrons are removed from a ligand-centered MO. There-
fore , unlike the former situat ion where the relati ve rotation between adjacen t
planes is unaltered upon oxidation , the latter situation is in accord with the ob-
served change in conformation (FIGURE 11(b)) . ”

_  
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Thus, ligand-ligand intermolecular backbonding enhances the probabilit y of
the achievement of a highly conducting material by permitting close approach of
molecular planes.

ELECTION-ELECTRON COULOMI-REP1JLSION CONSIDERATIONS

l’hc electron-electron Coulombic repulsion in inorganic and organic materials
force, the electrons and molecular plans. to stay away from each other. This is
counterproductive in the sense that it is the goal to have a chain of equivalent
molecules with strong M- ~overlap and consequently short equivalent intermolecu-
lar spacings. Thus, the dr ip of a highly conducting l-D must incorporate features
that contribute to the reduction of the Coulomb repulsion. This simply requires
the removal of electron dsnsity away from the conduction band (a, (or inorganic
complexes and for organic complexes based on TCNQ). This may be accomplished
through introduction of .lsctronegauvs ligands and substituen t groups that are
capable of removing electron density away from the bend through a or w induc-

_ _ _  
_ _ _  _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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tion. In the case of transition metal complexes, an additional d —‘ s intermolecu-
lar and HOMO —‘ LUMO intermolecular backbonding (vide supra) provide
additional mechanisms for moving electron density away from the a, band.

Examp les are also seen in the case of TCNQ-based I-D chains where the
electronegative cyano groups provide an induction mechanism for the reduction
of Coulomb repulsion. The nitro , —NO 2, group is also a strong s’ electronegative
group that , in princip le, could be used to form a l-D chain. Similarl y, fluorine
is a very electronegative a group that may, through induction , reduce the Coulomb
repulsion and stabilize a l-D chain. It thus seems appropriate to consider 2 as a
potential candidate for the formation of a highly conducting I-D chain. Further-
more , 2 would be

interesting to study in regard to molecular vibration considerations ( vide inf r a).
Unfortunately, 2 is unstable towa rd polymerization,’3

For inorganic complexes electronegative and T-backbonding (strong field)”
ligands are best for stabilizing a l-D metallic state. Besides the anionic ligands,
which , in the context of organic chemistry, are substituent groups (e.g., NO2-,
CW , and F ) ,  a variety of small neutral ligands are good d —‘ x’ backbonding
ligands (e.g. CO and CNR) and can be used to reduce the Coulombic repulsion
in a band. For example, K_ , ,2 1r(CO)2Cl 2 possesses the d —

~~ r backbonding CO
liga nd.’ Another example is the oxalato , ox 2 • O2 C2 O2 ,  ligand , which , al-
though sterically encumbering, is able to both inter- and intramolecularl y back-
bond25 (videsupra ) and form a highly conducting l-D substance.’

It also seems feasible to prepare PtF42 and Pt(NO2)42 and partially oxidize
these species to form a highly conducting material. The former complex , which ,
in principle, may reduce the Coulomb re~j~ulsion via induction , is unstable toward
disproportionation in aqueo~ .. solution. The latter complex, which can (through
inspection of space-filled models) accommodate four nitro ligands in a plane, has
not been partially oxidized.” This is probably due to the nitro ligands being out
of the PtN4 plane in solution , so that oxidation of the Pt” is prohibited. This has
also been observed in the oxidation of the sterically crowded Pt[C(NHMe)2)4 2

~.’6
Another facet of the reduction of the Coulomb repulsion lies within the choice

of counterions (vide Infr a) . Counterions with large polarizabilities per unit volume
and in close proximity to the conduction band result in an attractive force that
reduces the Coulombic repulsion of electrons in the conduction band. Since •

polarizabi lity, P, is proportional to the sum of oscillator strength , , frequency,
~, ratio,15

P~~ f ~
, (Al)

small counterions with large oscillator strengths at greater wavelengths are the
counterions of choice. Thus , unsaturated cation (or, in principle , anion) radicals
are the type of counterion to be utilized .
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Polarizabi lity arg u men ts are also given by Little for the design of an excitonic
superconductor.’ Thus , Little proposes a highl y polarizable dye-like ligand that
would , by coordinating to the transition metal , be in very close proximity to the
conduction band and stabilize the superconducting state. Consequently, the
polarizabi lity would help stabilize the excitonic superconductor. Much thought
has gone into the design ,7”” but such a material has not been reported to date .
Care must be taken to design an appropriatel y polarizable ligand that retains its
polarizabi lity upon coordination. Cyanine dyes with a single plu s charge delocal-
ized over a symmetrical species with two equivalent tricoordinate N atoms do not
do so, because coordination alters the symmetry of the system. Furthermore , the
li gands must possess symmetry-compatible MO’s so that intermolecular back-
bonding and band form ation will be facilitated . Th is is part icu la r ly true sin ce
large aromatic ligands have been targeted in regard to realization of the excitonic
superconductor ,’7 and the large van der Waals spacings of the ligands (> 3.3 A) 23

will prohibit the formation of short metal-metal spacings (< 3.0 A) .’ Additiona l ly,
because of the extended conjugation of the li gand , it is very possible that were
high conductivity achieved , the conduction band might be deri ved from f igand-
ligand overlaps. This is particularl y true for bis glyoximato ligands, which , at

• least in the case of 1, have a HOMO of ligand character . This is not to assert that
high conductivity achieved via ligand-ligand overlap is not interesting and impor-
tant. However , the basic precept of Little ’s model”7 is the requirement of use
of a conducting chain that has a small ( — 2 A) cross section.

COUNT ERION CONSIDERATIONS

All of the highl y conducting inorganic and organic I-D materials [except for
(SN)~ and the poorly characterized “Ir(CO)3 C1”J ’ possess counterions. The
efFect of the counterion on the resultant physical properties can be sign ificant .
This can easily be appreciated by reviewing the TCNQ2’3” and tetracyanoplatinate
literature. ’ Several important features should be focused upo n in choosing a
counterion. The shape and- size are discussed in this section; other impori ant
features (such as polarizability and solubility) are discussed elsewhere .

For all highly conducting materials where a “metal-like” state has been re-
ported , the counterions all exhibit hig h symmetry and are not excessively large.
It thus appears that to ensure the required crystal packing to permit close ap-
proach of the conducting species, such as tetracyanoplatinate or TCNQ, nonbulky
counterions such as small planar or point ions are the materials of choice to
stabilize a highly conducting l-D species. The most asymmetric material that has
been reported to exhibit a metal-like state is N(CH 3)3H ’ (13 )113(TCNQ)213 ;
however , this material is anomalous for a variety of reasons which principally
arise from the tertiary nature of the substance .”’°

It is generally agreed that the counterion should be of minimal size and
maximal polarizabi lity in order to maximize the polarization energy.”9 Garito
and Heeger stated” in this regard: “Molecular design should be dominated by
attempts to obtain maximum polarizabi lity with minimum size.” While minimiza-
tion of size within the constraints of planarity is an admirable goal , caution must
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be exercised. Consider the TCNQ complexes of hexamethy lenetetraselenaful-
valene, 3a, HMTSeF , and the sulfu r an a logue, HMTTF , 3b.

cxse Se

D

HMTSeF HMTTF
3a 3b

Clearl y the pair of trimeth ylene groups make the latter counterions much larger ,
and neither contributes to the basic TSeF and h F  chromophore nor enhances
disorder (vide infr a). Thus, the po larizabi lity per unit volume is less for HMTSeF
than for TSeF (FIGURE lb (S Se)). The TCNQ charge transfer salts, however ,
clearly show that (HMTSeF)(TCNQ) has higher room-temperature conductivity,
which is extended to lower temperatures than that reported for ~~~~~~~~~~~~~~

Therefore , although small planar counterions are desirable, bulkier and , to
some extent , even nonplan ar molecules should not be neglected , si nce con trolled
modification of the properties can be achieved with judicious use of subst ituent
groups .

MOLECU LAR VIBRATION CONSIDERAT IONS

The conduction electron-vibration (molecular and lattice) interactions (elec-
tron-phonon coupling) play an important role in limiting the conductivity of a
highly conducting l-D molecular substance . In particular for conductivity arising
from single-particle electron scattering, the a 11 vibration frequencies less than
the bandwidth will scatter the electrons and consequently lower the mobility and
conductivity. ’2’63 Thus, by reducing the magnitude of the coupling (the electron-
phonon coupling constant (g)), and/or raising the frequency of the mode that
couples to the cond uction electrons, the mobility will be enhanced. Two synthetic
methods involving changes in mass are available to achieve the latte r goal. They
include modulation of the vibrational frequencies throug h isotopic and substituent
group substitutions raising the a,1 molecular vib ration i n frequency. This requ ires
the isotopic substitution of atoms with elements of lighter isotopes. This is clearly
an unrealistic goal. For both inorganic and organic species containing the first-
row elements where isotopic substitution would be most pronounced in a shift of
the vibrational frequencies, the lig htest isotopes are already used.

On the other hand , in principle , molecular vibrations can be reduced or
possibly deleted . Since the number of vibrations is 3N-6 (N — number of atoms),
this may be accomplished through removal of atoms from the molecule. This
suffers from a significant redesign problem. Structure 2, with electronegative F
replacing CN , will reduce the number of molecular vibration s from 54 to 42 and ,
it is hoped, will remove the a,, vibrations with significant electron phonon
coupling constants above the bandwidth. ” Also, since F has a lower mass than
CN , the CR 2 scissoring and bending vibrations would increase in frequency as for
R—F with respect to R ’—’CN , This idea , however , has limitations in the assump-
tion that 2 will even form a hig hly conducting l-D chain. Compound 2, in fact, is

- -
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unstable toward poly merization. ’3 In princi ple, however , molecular vibration
considerations are important in the design of a highly conducting 1-D substance.

This is further borne out when it is noted that electron-molecular vibrations
strongly affect the mobility of a l-D material. As previousl y discussed, the hi ghl y
conducting materials that possess a negative curvature in the temperature depen-
dence of the conductivity are semiconductors , with the cond uctivity bei ng dom i-
nated by the mobility, which is strongly temperature dcpendcnt. ”~”

DISORDER CONSIDERATIONS

There exists a school of thoug ht holding that a small amount of disorder is an
import ant attribute to consider in the design of a highl y conducting l-D chain. ”
In the limiting case, too much (unquantifiable) d sorder leads to the formation of
a band gap an d a typical sem iconductor behavio r (FIGURE 6). The absence of
disorder , however , as observed in bulk (TTF)(TCNQ), does not seem to detract
from the intrinsic high conductivity , ’ Introduction of disorder through the use of
cis- and lrans-dimethyltetrathiofu lvalene, 4, and 5, respectively, in trod uces a
small amount of disorder. The result of this disorder is reflected in the shift of the
temperature at which the metal insulator transition occurs, TM,, to lower tem-
perature, 58°K ’ and S0’K.’6

H 3C S S CH 3 H 3C S S CH 3

This disorder issue is, however , comp licated by the introduction of selenium for
sulfur. Tetraselenafulvalene , TSeF, 6, like TTF (FIGURE I b),

has effectively no disorder. However , replacemen’ of two sulfurs with selenium,
i.e., a mixture of 7 and 8, introduces some disorder, However , the

cx) c

S
k

S

disordered charge transfer complex exhibits the highest TMI of 64K , whereas
(TTF)(TCNQ) and (TSeF)(TCNQ) exhibit TM, at 58K ’ and 40’K,”7 respec-
tively.

From this data it is unclear whether the designed introduction of disorder will
enhance the electrical properties of the material. It appears, however, that disorder

- - - - . ~~- - - -~~~~ ~~~~ -~ -
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may do so; th us, the introduction of disorder should not be overlooked in the de-
sign of highly conducting l-D materials.

It is also important to note that for closed shell cations, e.g. N-methylphen-
azinium , 9, acridinium , 10, and quino lin ium , 11, which form

- CH 3 H H

9 10 11

highly conducting salts with TCNQ,2 have a permanent dipole greater than a
a Debye unit. 15 Consequently, disorder is anticipated and observed in the molecular

solid. That-such disorder , as, for example, the methyl groups or adjacent NM P~
ions in (NMP)(TCNQ) may or may not be eclipsed,~ has been invoked as a con-
tributing force in the stabilization of a highly conducting l-D species.” Recent
work in our laboratory has shown that because of replacement with the symmetri-
cal and neu tr al phenazine for the NMP~ cation , disorder has been decreased while
TM, has shifted to lower temperature and Umu/a AT has been enhanced (vide
inf r a). ”7°

SOLU BI LI TY CONSIDERATIONS

Another important consideration , albeit difficult to control a priori, is the
solubili ty of a l-D complex. Typically, l-D complexes are less soluble than the
component used in their preparation. The l-D substances are consequently

-

. moderately easy to prepare (assuming the availability of starting materials). In -

contradistinction to the typical situation described above, when the counterions
are such that the desired product is more soluble than its components, the desired
l-D complex cannot be easily isolated. Examples 5’ of this lie in the synthesis of
(H 3C)4 N ~TCNQ and the Na 2 Pt(CN)4 X0., . xH 2O. - In principle, thes.~
materials should easily be prepared by routes that effect the isolation of the
Me3 NH ~ “‘~~~ and K + analogs, respectively. However, to date these substa nces
that are seemingly simple to prepare have not been characterized . Possibly, use of
different solvents would facilitate their preparation.

HYDROGEN-BONDING CONSIDERATIONS

For inorganic complexes that are isolated from aqueous media , the additional
feature of ability to hydrogen bond appears to be important. Hydrogen bonding
in the structures of K 2 Pt(CN)4 X.~ . 3H20’° (X .Cl, Br), K ,.75Pt(CN)4-
I .5H 20,’7 ~° bis(oxalato)platinatcs,52 and presumably the dicarbonydichioroiridate
complexes ”2 knit the structure together and contribute to the stabilization of the
l-D chain. This is emphasized as the loss of water from K 2 Pt(CN)4 X0,3 ‘ 3H 20
(X—Cl, Br) significantly alters the physical properties as the chain lengths are
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~~~~~~~~~ Introduction of water to partially rehydra te crystals permits the partial
recovery of the physical properties. H yd rogen bonding does not seem important in
the design of highl y conducting organic materials. A possible exception may arise
fr om the inte ract ion between NM e3 H + and TCNQ in (NMe 3 H)(I)(TCNQ) ,”6°

SYNTHESIS OF HIGHLY CONDUCTING l-D MATERIAL S

In the last few years there has been considerable effort in industrial , academ ic,
an d governm en tal labo ratories to synt hesize and cha racterize new highly conduct-
ing l -D materials ,’ These efforts pr incipall y revolve arou nd the synthesis of new
Orga nic donors and acceptors , i norgan ic squa re planar comp lexes, and covalent
polymeric materials.

ORGANIC SYNTHESIS -

The initial du Pont report 7’ and characterization ’ of the high conductivity in
- 

samples of (NMP)(TCNQ) and (TTF)(TCNQ) lead to intense efforts in ~~
and synthesis of new open-and-closed shell donors and acceptors.

For organic systems the primary effort throughout the world has focused upon
expanding the chemistry of the prototype (TTF)(TCNQ) through synthesis of low
ionization potential donors,”9’76 e.g. TTF derivatives , and acceptors ’9 with a large
electron affinity, e.g. TCNQ. Most work has been in donor modification. The types
of modifications that have been reported include chalcogen substitution (replace-
ment of Se for S in TTF), organosubstitution (introduction of CH 3, etc., groups
for the hydrogen in TTF), and combinations of the above. A variety of these TTF
based donors are listed in TABLE 6.

Recently, new types of chalcogen-containing donors (12,~ 13,~’ 14,~~’”and is” as well as closed-shell nitrogen donors (16,86), have been emphasized.
The detailed physical properties of the former chalcogen containing 1:1 and 1:2

13 

Et_N~~~~~~~ CH:CH~~~~~~~~ _Et
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TABLE 6
SELECTED MODIFICATION OF TE TR AT II I O F IJ LV AL ENE St S76
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TCNQ SaIt , RT, 11’ cnC ’
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TABLE 6 (contInued)
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TABLE 6 (contInued)
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complexes with TCNQ have not been reported . However, prdliminary evidence fat
12 (TCNQ),” 13 (TCNQ),7’ and 15 (TCNQ)~” (it — 1, 2) sUggests that these ma~terials are not metal-like. The initial report of (TTT)(TC?1Q)2 ,~‘ (TTT — tetra-
thiotetracene, 14) by contrast, suggests that this complex is metal-like and
possibly exhibits a positive curvature, e.g. FIGURE 3. Further work is needed for

- the full understanding of the structure-function relationship. The 16(TCNQ)4
complex has been reported to be highly conducting down to O.03’K,” but veri-
fication of this result has not been reported,

In the case of conducting TCNQ anion acceptors, less work in the ares of
structural modification has been reported . Principally, the predominant work hu

- - a



50 Annals New York Academy of Sciences

been revolved aro un d makin g alkyl and alkoxy der ivat ives of TCNQ at the
2,5 ring positions , 17.32.33

17

Additionall y, other acceptors such as TNAP, 18,33.87 as well as hexacyano-
butadiene , l9,~ have been tried. Preliminary evidence suggests that the latte r TTF
complexes form segregated stacks; however , the conductivity is not metal-like.
TNAP complexes with TTF have been reported to exhibit high conductivity,$h1

~b

CN

NC~~~Oi~~~~~~
CN

In the past few years there has been enhanced interest in the use of halogen
and pseudohalogen acceptors. Although the acceptor does not form a band and
consequently does not provide a mechanism for conduction , the nonstoichiometry
and polarizability of the acceptors permit partial occupancy and stabilization
of the donor coeduction band. TABLE 5 lists, besides the aromalous Hg2 86AsF6,
various cation conductors with halide and pseudohalide acceptors.

The halogen in these acceptors varies from Br2 (as well as possibly Br 3~ ) in
(SNBr04)~,” to I in TTF IO~r~ to 13 in (NMe 3 H)(I-)(TCNQ)’~ ° to X 5 in
M(HDPG)2 X, (y ~ 1.15); X — Br , I; M — Ni , Pd; H 2 DPG — dipheny lg ly-
oxime).9’ The latter complex is further novel in that — 80% of the halogen can
be removed from the structure without modification of the unit cell.3’

Another t~vpe of open-shell acceptor that has- been used is bisditholate metal
complexes,I’2 ‘ e.g. 20. For example, 20 (M — Pt) seems to satisfy several im-
portant criteria , namely, bivalent, small, planar , electronegative substituent
groups and ligands, highly polarizable , good solubility characteristics , and back-
bonding ligands for the stabilization of a highly conducting l-D complex. How-
ever, the only highly conducting species that have been prepared have the advan-
tage of being salts of radical cations that provide the conduction band. ~~

Thus, M(S2C2 R 2)2
_ 

apparently does not form a highly conducting l-D com-
plex. This is easily reconciled by looking at the electronic structure of 20 (M — Pt).
The highest occupied MO is not the a ,,(d,2). ’2 Thus a, band formation is

- - ‘/‘

• 
~Tt - ~4 ~~~~~~~~~~~~ ~ - 
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prohibited . Furthermore , unlike the bis(oxalato)p latinates , the li ga nd-centered
MO’s of 20 are not of the desirable symmetry to accommodate intermolecular
backbo ndi ng and , conseq uently , colinear chain formation with short interp lanar
spaci ngs.7°

R ecen tly in our labo ratory~ ’7° we have been involved in designin g a system i n
whic h a comparison of the physical properties as a function of band filling (Fermi
Energy) could be easily m ade fo r an isomorphous series of complexes so that
the traditional com pa r ison between u n li ke m ate ria ls cou ld be m ini m ized . With
the above criteria in mind we set out to modif y (NMP ’)(TCNQ) , 21. Wit h the
assumptio n that the TCNQ is the dr ivi ng force for the parallel l-D chain , we
argued that removal of a NMP ~ cation should deplete electrons from the conduc-
tion ba nd, but the voids created i n th e solid wou ld force the structure to col lapse.
By judiciously replacing the NMP~ cation with a neutral molecule of similar size,
shape, and pola r izability, i t seemed feasible that the stru ctu re wou ld rem ain int act,
an d that since fewer cations were present , fewer electrons would necessarily be
present in the conduction band. The molecule we chose was phenazine , 22. Suffice
it to say

CH 3 NC CN

N~~~~~~N

that we have been able to prepare an isomorphous series of complexes with up to a
50% replacement of phenazine for NMP 4 ((NMP4)~(Phenazine) ,_ ~-
(TCNQ~ )~(TCNQ 6) ,_ ~ (NMP ’) ~(Phenazine) ,_~TCNQ(l � x ~ 0.5)). The
physical properties of this novel series of complexes will be reported later.~ ’7~

93

INORGANIC SYNTHESES

For inorganic systems it seems appropriate to consider third-row transition
meta l complexes (FIGURE 12). By analogy, to the known species the only trans-
formations that have been effected have been achieved through changing of the
cations and anions. For example, K 4 was replaced by C(NH 2)3~

72 and X was
replaced by F2H ,73 and F 7’ and a mixture of Cl and Br 55 in KCP.
The KCP structure (FIGURE Ia) is somewhat modified , but the short inter-
molecular spacings were retained . Further information is needed to fully under-
stand the synthetic transformation on the physical properties. Attempts in replac-
ing the alkali counterion with an alkaline ion have failed.74b Ligand substitution
has not been reported, although attempts in our laboratories and others to prepare

- - 
partially oxidized derivatives of the bis(oxalato)platines, 23 and 24, have been
attempted; however, the results were not fruitful , ”

- -.1
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POLYMERIC SYNTHESES

Modifications of poly(sulfurnitride), (SN)~, have been largely ignored in pre-
ceeding sections. This is due to the covalent character and the anisotropic three-
dimensionality of the system which makes synthetic modifications more difficult
to predict and achieve. To a first approximation only elemental substitution can
be effected , such as (SeN)~ or (SeP)~.’3

Electronegativity and chemical stability arguments pragmatically rule out all
simple possibilities. It may be possible to take advantage of the formal lone pair of
electrons on the S and prepare an adduct with a polarizabi le Lewis Acid and the
SN chain. This is conceptually attractive , since it conforms to Little ’s postulated
exciton superconductor model. 7’8”7

Recently, (SN)~ has been “intercalated” with ~~2,
SS.S4.9~ Id ,89 and ~~~The conductivity of (SNBr04 )~ increases by an order of magnitude at room tern-

perature ,89’9’ and effectively the superconducting transition temperature is not
altcred.~’ The interpretation of Raman spectral data suggest that the bromine
exists in (SN Br04 )~ as both bromine and possibly tribromide .~ Thus, the halogen
adducts suggest the possibility of new exciting derivatives of (SN)~ being prepared
in the future .

D F0RI~ i•O MAGI~ 1IC SYSTEMS
O FORM d’ SQUARE PLANAR COMPLEXES
O 5 d~’ H~~E TPE LARGEST SPATIAL EXTENSION

• NIG R.Y CO IOUCTPIO COMPLEXES -

• SI~ ERCONOUCTING ANISOTROPIC 3-0 MATERIAL

1

FIGURE 12. Periodic distribution of elements that form anisotropic quasi.l-D chains.
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SYNTHETIC Meiuoos

In order to actually prepare new highly conducting l-D materials, the above
Gedanken experiments must be converted into laboratory syntheses. A variety
of techniques is available in the synthetic chemist’s repertoire for use in the
preparation of new highly conducting species. For inorganic complexes the vari-
ous techniques can be amply illustrated by review of the synthetic procedures for
K 2 Pt(CN)4 X03 - 3H 20 (X — Cl, Br) and the iridium chlorocarbonyl com-
plexes. ’ The procedures can be broken down into(l) chemical and electrochemical
oxidation , (1) and (2), respectively; and (2) addition of mixed valent species,
(3).-(4). Electrochemical oxidation exhibits the desirable feature of incorporating
the crystal as an extension of the electrode so that the property to be monitored is
used in the synthesis.9’

Halogen oxidation frequency results in the preparation of various types of ma-
terials that may exhibit a variety of structures including highl y conducting ma-
terials. It must be emphasized, however , that many types of products can be
prepared . For example, Pt U (CN)42 and bromine or chlorine results in the forma-
tion of a highly conducting l-D chain which has a nonstoichiometric amount of
ionic halide in the structure,3 ( 1), FIGURE Ia. By contrast , reaction of chlorine or
bromine with Pt ”(EtNH 3)42’ (X — Cl, Br) leads to the isolation of the insulating
Woliframs Red or Reilers Green Salt (FIGURE 6), which is characterized by having
alternating Pt ”(EtNH 2)42’ and trans-Pt ”(NEtN H 2)4 X 22” ions,31 (4).

2K ’ + Pt(CN) 42- + x, H 20 
K 2 Pt(CN)4 X0~, .3H 2O 

(I)

2K ’ ÷ Pt(CN)4 2 + O.3X~ 
H 2 O 

‘0.3e + K 2 Pt(CN)4 X0~~.3H 2O (2)

40K 4 + 17 Pt”(CN)42 + 3 tran -Pt”(CN)4X 22 
-

H 20 20 K2Pt (CN)4X4 3 3 .  3H20. (3)

4X + 2Pt ”(A)42” + x2 H20 
[Pt ”A4j [t ra ns-Pt”A4 X 2 J X 4 (4)

A - E t N H 2 . 
-

~~~

The reaction of bromine (or IBr or 12) with M(HDPG)2 (M — Ni , Pd;
H2 DPG — diphenylglyoxime) leads to the formation of a l-D complex with
uniform short metal-metal spacings and a l-D halogen column filled with a non-
stoichiometric amount of polyhalide,35’36’9’ (5).

M(HDPG)3 .s- X 2 —, M(HDPG)2 X, y < 1.15 (5)

X — Br 1; M — Ni; Pd.-

In contrast to these t-D chain-forming reactions, the halogen oxidation of
Pt U(HDPG)2 (H 2 PDG — diphenylglyoxime) leads to only the Pt” complex, —

(6).~ If less than a stoichiometric amount of halogen is

Pt ’~(HDPO)2 + X2 —. gra,s,~Pt W(H DP O) 2 X 2 (6)

—-— --, -_ _ _  —- - - -  -~~1~~~~
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used, two phases corresponding to the Pt ” and Pt 1” complexes can be isolated .3’
Similarly, the ha logenation of R h ’(CNR)4 ’ (R — C6H,,) leads to dimeric Rh”
complexes with an isolated linear X — Rh ” — Rh ” — X unit ,97 (7).

Rh ’(CNR)44 + X 2 —, IXRh”(CNR)412. (7)

In a similar fashion , hig hl y conducting organocation l-D chains can be pre-
pared. For example , T1’F and ITT react with iodine to form (TTF)(I)07~ and
(TTT)1,,,’2’~”(8) and (9).

0 TTF ÷ X 2 —‘ (TTF)X 0,7 (8)

(X — Br , I)

ITT + X 2 —
~~ TTT2 I 3 + (111)1. (9)

Not all substances can be prepared by all of these techniques. The electrochemical
growth method provides a convenient method for the.synthesis of large, high-
quality inorganic9’ and organic materials.33a.so Williams el a!.73 cleverly used this
technique to prepare M 2 Pt(CN)4(F2 H)0.39 ’ xH 2 O (M — Cs, Rb), (whereas chem-
ical techniques failed).

The Hg2.~ AsF6 and iridium complexes have been prepared by less rational
techniques; controlled oxidation has not been reported.’ These latter complexes
are simply the result of specific chemical reaction . For example, K — ,,2 Ir(CO)2 C12
and Hg2.9’AsF6 are prepared via (10) and (11).

- - K 2 1r ”‘Cl6 + HCOOH + HCI —
~~ K,, ,,2 1r(CO)2 Cl2 (10)

- Hg° + AsF, ÷ SO2 —* Hg2~~’AsF6. (11)

For organic l-D complexes, similar synthetic techniques are available, but, due
to the redox behavior of some of the planar organic materials utilized , charge
transfer can be effected in .cilu, (12) and (13). This, of course, can lead to band
overlap and semimetal formation , 13b.

Donor ’ + Acccptor — (Donor ’)(Acceptor~ ) (12)

Donor + Acceptor — (Donor ’ )(Acceptor ). (13a)

Donor + Acceptor — (Donor)~~(Acccptor)~ ( 13b )

Besides direct oxidation of a donor , TCNQ or, in fact, any good acceptor will
oxidize an innocent substance to effect the formation of a desirable charge transfer
complex. For example, ionic iodides will be oxidized by TCNQ,2’7’ for example ,
(14), to

3 L i 4 I  + 2TCNQ° — 2Li ’ TCNQ~ + Li9 13 (14)

form triiodide and TCNQ ‘.-This technique inadvertently” led to the formation of
a novel tricomponent “metaI-like”~ complex of (NMe,H ’)( 13 ),,3(TCNQ2/3 )
stoichiometry, (15),~~0

NMe 3 H ” I  ÷ TCNQ° — (NMe,H ” )(I 3 ),13(TCNQ 213 ). (15)

Similarly, durohydroquinone can be oxidized by TCNQ to pnerate TCNQ ~ as
- 

- reported for the preparation of (quinolinium)(TCNQ) 2 , (16). ’

- -
— ~~~~~~~~ .. ,. - ~~~. .- __-
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4TCNQ° + 2
~OI:~~J + 

M:
1~~~

t1Me 
—

~~ 2OJ~~~~~
J ( TCNQ)2 +

-
‘ 

x~x 
(16)

Many complexes are not oxidized by TCNQ in solution , but charge tra n sfer is
achieved in the solid. In order to ascertain the extent of the redox in solution it is
important to know the E,~2 for the donor and acceptor. For TCNQ the half-cell
reactions are given in(17) and(I8) for

TCNQ° + e = TCNQ E 112 — i-O.l9v (17)

TCNQ 4 + e = TCNQ 2 E ,,2 — —0 .28v. (18)

— iO~ M solutions in acetonitrile vs. the SCE ’9,71 ’°° Thus, donors with E <
—0 ; 1 9v are necessary for electron transfer to occur in solution. Even though a so-
lution redox does not occur , however , it is feasible that if a -donor acceptor
complex crystallizes , the substances may have electron transfer in the solid state.

This is best illustrated by reviewing the reaction of TCNQ with Nb3(Cl)6-
(C6 Me 6)3 ’, whic h resu lts in the isolation of Nb3CI6(C6Me,)32’(TCNQ 12.101

Were the ox idation affected in sol u t ion then the Nb 3Cl6(C 6 Me6)3 2
~ para magnetic

ion would dimerize to the diamagnetic Nb6C112(C6Me6)64’ ion.101 Other cx-
amp les of this have been reported for the form at ion of h igh ly conducting f e -
rocen ium TCNQ complexes solution 7’ as well as (TTF)(TCNQ).33 FerAocene ex-
hibits a E, 12 at +0.40 v under the identical conditions (vs. SCE and 0.1 M
Et4N 4’CIO4 supporting electrolyte) that TCNQ’s E, 12 — 0. l9v. Thus, redox does
not occur in solution, but a 2: I:: TCNQ :fcrrocene can be isolated under the
right conditions.7’ Substituting ferrocene with electron-donating groups (e.g.
meth yl) decreases the E112 and facilitates the formation of various ferrocene
TCNQ complexes of I: I and I : 2 stoichiometries.” Recently, the covalent
bonded TCNQ dimer has been prepared via the reaction of Li~TCNQ and
trans-Pt(bipy)2C12 (bipy — 2,2’-bipyridyl) .~ This complex, of course, does not
form a I -D chain. In addition to these oxidative reactions, substitution reactions,
methasis reactions, where the product is less soluble than the starting material,
may be employed,2’7’ e.g. (19).

Cation ’TCNQ + (Cat ion ’) An ion —~ (Cation ’)(TCNQ ) (19a)

Cation ’(TCNQ)2 + Cation ’ Anion —‘ Cation ”)(TCNQ)2 . (19b)

Complex TCNQ salts such as 1:2 and 2:3 can be prepared by the addition of
excess TCNQ or stoichiometric addition of TCNQ to a simple 1: 1 salt e.g. (20), 102

- - - - - - -~ - _ _  ~~— -~~~~~~~~~ ---- - ~~
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N M P 9  + TCNQ + TCNQ° = (NMP)(TCNQ) 2 (20)

to form , for example, 1:2 and 2:3 salts.
With these concepts, techniques, and examp les in mind , the desi gn and synthe-

sis of new hi ghl y conducting l-D materials should be facilitated.
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DISCUSSION

EDWARD ENGL ER (IBM , Yorktown Heigh ts, N. Y.): In the phenazin e work , how
do you know which chain the phenazine is going into and what the structure of

— (phenazine)(TCNQ) is? -

MILLER: (Phenazine)(TCNQ) forms an insulating DADA alternating l-D
chain. However , the product we isolated does not resemble this red material. For
example ,the optical , magnetic, DSC, and x-ray powder pattern show the mixed ma-
terial to be very sim ilar but not equivalent to (NMP)(TCNQ) . In particular ,
~ RT >> 10 ohm~~cm~ which implies a conducting 1-D charge-transfe r complex.
Were phenazine in the anion chain , we would anticipate a lower value for 0 RT and
a different temperature dependence of the conductivity.

PHILL I P COPPENS (SUN Y-Buffalo. N. Y.): Why does not the HOMO-HOMO
interaction lead to an eclipsed structure , i.e., 00 of relative rotation?

MILLER: That is a possibility. Eclipsed configurations have more steric interac-
tions (core repulsions) than other orientations. Clearly, intermolecular backbond-

- -: ing must be evaluated with regard to van der Waals, dipole-dipole , electrostatic
forces , and soon , all of which will contribute to the stabilization of the structure.
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CHARGE-TRANSPORT PROCESS: THE DESIGN

OF ORGANIC MOLECULES FOR ORGANIC M ETALS*

3. H. Perlstein , 3. A. Va nAlla n , L. C. Isett , and G. A. Reynolds
Research Laboratories

Eastman Kodak Company
Rochester, New York 14650

iNTRODUCTION

There are a num ber of facto rs in the molecu la r structure of most organic radi-
cals and radical ions that tend to limit the electron transport process in ordered
arrays of such molecules. It is generall y believed , based on earl y ideas expressed by
Mott ,’ th at a u nifor m ordered arr ay of radicals wi ll be i n sulat in g beca use of the
large coulomb correlation between electrons on neighboring sites which keeps
them localized on those sites as in FIGURE I .

W ith the discovery of TCN Q by duPont workers 2 it was realized immediatel y
that the presence of mixed oxidation or mixed-valence states, viz , uniform ordered
arrays of TCNQ in which there were formally present TCNQ° as well as TCNQ; ,
y ielded solids whose electrical conductivity was many orders of magnitude larger
than that of the nonmixed-valence analogs, presumably due to a reduction in the
influence of coulomb correlation as in FIGURE 2 (— I eV for most TCNQ salts).

Based on this observat ion , it wou ld have seemed reasonable t hat any stable
radica l ion that was insulating could be converted into a conductor simpl y by
being made mixed-valent . It has become quite clear , however , that most organic
ions cannot coexist with their neutral species in a structurall y uniform mixed-
valent state, and consequen tl y most radical-ion solids are insulators .

It is the purpose of this paper to point to those organic concepts which em-
pirically seem to be necessary for the form at ion of the m i xed-valen t state, to
demonstrate the utility of those concepts by numerous examples, and to present
some new examples.

INTRAMOLECULAR VS. INTERMOLECULAR ELECTRON TRANSFER

Recently, Rice el a!.,3 Lipari et a!.,4 and Rice and Lipari 3 have determined
the coupling constants for the interaction between the unpaired . electron and
molecular vibrations for TCNQ; and TTFt radica l ions. They have shown that
the extra binding energy Eb associated with the distortion of a TCNQ molecule
when an electron is added to it (also called the small polaron-binding energy) is
about 0.15 eV(3.5 kcal). A similar result is obtained when an electron is removed
from h F  (about 0.21 eV). This distortional energy is of the same order as the

eManuKript received Oct. 3, 1977 .
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+ ..41 t + 4 + Io 0 0 0 0 0
(0)

14 + 1 4 +o a 0 0 0 0(b) 
—

FIGURE I.  (a): Uniform ordered array of radicals with one unpaired electron on each site .
(b) : Charge transport requires do uble occupancy of a sing le site. If the coulomb repulsion on
this site is much larger than the intermolec ular resonance energy, no transport will occur.

intermolecular resonance energy E,, which is �0.l2 eV . We believe that this im-
portant result will determine whether a mixed-valent state will form or not form in
the solid state. For if Eb >> E,, local disto rtions wil l fa vor intramolecular lo-— calization of charge over intermolecular bonding, and thus no one-electron
mixed-valent bond will form. Conversely, if E, � Eb a mixed-valent state should
form.

One can view this interpretation in the following manner. Suppose we have a
neutral molecule A-B (where A and B are two submolecules joined by conjuga-
tion) and we arrange a group of such molecules in a slipped stack array as in
FIGURE 3(a). If we place an electron on one molecule forming (A-B):, the unpaired
spin can either I) delocalize in a molecular orbital over A-B or 2) localize in some
part of A-B , on A say, as in FIGURE 3(c). The localization can occur as in
FIGURE 3(c) because of some local distortion (such as double-bond fixation) in A
which is of lower energy than the delocalized state of FIGURE 3(a). The electrical
conductivity (FIGURE 3(a) to 3(b)) wil l be governed by the size of the intermolecu-
lar resonance integral (viz, the transfer integral), which is a measure of the inter-
action between neighbors. In FIGURE 3(c), however , the electron must first hop by
a series of intramolecular distortions (FIGuRE 3(d)) (by a series of bond-breaking
and bond-forming steps) from A to B before intermolecul ar transfer can take
place (FIGuRE 3(e)). Only if the activation energy for th e bond-breaking -And
bond-reforming steps is <E, will intermolecular bonding and hence efficient
charge transport occur.

In design ing molecules, then , for electrical conductivity, one must decide

4 $ 4 $o 0 0 0 0 0 0(a)

4 + 4 $
0 0 ° (b) ° 0 0 0

FIGURE 2. (a): Mixed-valence state. Onl y every other molecule is a radical; (b): Charge
transport does not requi re double-site occupancy. Effect of coulomb repu lsion between
charge carr iers is reduced from that in FIGURE 1(b).

_ _-_
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A - B  A — B  

A — B  
____  

(A— B~ 

A — B  A — B

A — B  A — B

( a )  (b)

A — B  A — B

A — B  A — B  A — B

A — B  A — B  A— B

- A—B A — B  A — B

(c) (d) (e)

FIGURE 3. (a): Ordered array of A-B molecules with one electron delocalized over a single
site (dotted line). In this configuration , nuclear symmetry of (A -B) will be the same as
for (A-B)’ . (b): Charge transport occurs. Delocalized state has readily moved to second
site. (c): Charge localized on A with large symmetry change in A-B (indicated by small
letter A). (d): Charge must overcome distortional energy barrier to get to B. (e): Charge
must overcome large distor t ional energy barrie r to get to A on another molecule.

a priori whether the radical ion formed from these molecules will contain a de-
localized state, as in FIGURE 3(a). Below , we show how to decide th is based on the
concept of local 4n + 2 aromaticity first introduced by Clar 6 and expanded by
Herndon and Ellzey,7 and more recently by Randic. 8

THE LOCAL AROMATICITY CONCEPT

Clar’ has pointed out by numerous examples that in describing a structure
such as naphthalcne , one should not consider the molecule as containing two
aromatic rings as in( 1)

(I)

but only one aromatic ring which can diffuse , as in (2).

— ~~~‘r— — — —
~~~~ -a--
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~00
(2)

We use the term aromaticity guardedl y, since it has different meanings for
different workers. Here we mean the topological definition of aromaticity as-
sociated with a 4n + 2 conjugated circuit , as proposed by Randic .8 In naph-
thalene , for instance , there are three conjugated circuits shown by the dotted lines
in (3) that contribute to the resonance or delocali zatio n energy of the molecu le.

(a) (b) (c)
- (3) 

-

All three circuits are 4n + 2 HUckel type, and each of them is therefore an aro-
matic circuit. Based on Randic ’s assessment ,9 3(a) and 3(b) contribute seven times
more resonance energy than circuit 3(c), and thus Clar ’s view of n aphthale ne as
in (2) represents a close approximation.

If a heteroatom is inserted into naphtha lene such as in (4)

-..--.--
~~~~

(4)

then the 4n + 2 conjugated circuits are represented by (5).

(a) (b) (c)
- (5)

However , the HMO delocalization energy for th iapyry lium (6),

S

(6)
neglecting d-orbital parti cipation ,’0 is 0.3$ less than benzene, or about 0.23 eV
(5.4 kcal) >> kT. Circuits 5(b) and 5(c) therefore should not contribute very
much to the delocalization of charge compared to 5(a). Viewed in this way, a lone

-V .,

‘,..
_ .

~~:Y ~~~~~~~~~~~~~~~~~~~~~~~~~ — -  - -  ~~~ . _________________________________________________



Peristein el a!.: Mixed-Valent Charge Transport 65

thiapyrylium ring (6) contains an aromatic sextet of electrons, whereas an an-
nellated thiapyrylium ring (4) contains an aromatic sextet only in the benzene
ring with two “fixed” double bonds in the thiapyrylium ring.

The same arguments apply to I ,2-dithiolium (7), I ,3-dithiolium (9), and their
annellated structures ((8), (10)).

S—S
+

(7) (8)

(9) (10)

In both cases, the single-ring structures ((7), (9)) will contain a delocalized sextet,
whereas the annellated structures ((8), (10)) will contain a delocalized sextet onl y
in the benzene ring. We apply this local aromaticity concept in the next section to
determine which radical ions will have delocalized charge and favor the forma-
tion of mixed-valence states.

LOCAL AROMATIC 1TY OF RADICAL IoNs

TTF (11) contains no 4n + 2 aromatic circuits.

l.314A S(
S

>
~~~~A S

) 

. I .

‘

(11)

The C4—C5 and C2—C2. bond Iengths~ are both characteristic of localized
double bonds.

If the radical cation is formed as in (12)

(12)

a new 6i aromatic circuit is produced, namely (9). This aromatic circuit can be
in either ring with the same energy as shown in (13).

--- - .- --
~~~~~~~~~~~~~~ --- -
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(13)

The unpaired spin can be in either ring and is best described by a molecular or-
bital involving a linear combination of atomic orbitals on both rings. The un-
paired spin is delocalized over both rings , with no activation energy required to
transfer it from one ring to the other. TTF, of course, readil y forms mixed-valent
hi gh-conductivity solids.

Consider , however , the annellated structures ((14), (16)) of TTF and their
radical cations ((15), (17)).

oxj
(14) (15)

ocxo
(16) ( 17)

Although (14) forms a new aromatic sextet upon oxidation to give (15), the un-
paired spin is effectively localized in one ring. The structure with the electron in
the other ring (18) will be of higher energy, since it destroys a dithio lium aromatic
circuit in (15) without creating an equivalently energetic aromatic circuit.

I .
- - 

(18)

The circuits of( 18) will look like (19).

- 

-

- oc>-~: CJ~~~ <
s
j  c~~5-?j

(a) (b) (c)
(19)

Onl y 19(b) is comparable energetically to (15), but to form 19(b) from (15) requires
the destruction of the benzene aromatic circuit in (15). From HMO calculations ,’°
thi s will require about 0.8 eV(l8kcal) . Structure( 15) is then not expected to form
high-conductivity solids , and it does not. ’2 

- ~~~~~~~~ - ~~~—--  - -
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The situation is still worse for the dibenzo TTF (16). No new aromatic circuit
can be produced in the radical cation (17), which will be equienergetic with the
two benzene circuits in the neutral structure (16). The unpaired spin is effectively
“trapped” in one ring. One may ask , wh y not write resonance structures such as
(20), which moves the electron from one ring to the other?

ocxx~ ocxto
(a) (b)

(20)

Although (20(a)) and (20(b)) are equienergetic , there is a barr ier for the migra-
tion of charge associated with the intermediate structures in (21).

20(a) 20(b)

I
ocxx~ .(a) (b)

(21) 
-

None of the transformations from (20(a)) through (21) to (20(b)) are associated
with a 4n + 2 circuit , and thus each of the transformations will require an ac-
tivation energy associated with bond—length changes. Based on the discussion in
I NTRAMOLECULAR VS. INTERMOLECULAR ELECTRON TRA NSFER , ( 16) should not
effectivel y form a high-conductivity state (see TABLES I and 2).

With these observations and interpretations in mind , we suggest that the fol-
lowin g conditio ns are necessary to form mixed-valent conductors.

Class A Molecules ( Good Conductors)

The most efficient mixed-valent conductors (conductors with zero or very low -activation energy) will be formed from those conjugated molecules whose radical
cations or anions contain at least one new independent aromatic circuit not
present in the neutral molecule. Any aromaticity in the neutral molecule must be
conserved.

Class B Molecules (Intermediate to Poor Conductors)

Intermediate- to low-conductivity solids will be formed by those molecules
whose radical cations or anions contain a new aromatic circuit but whose de-

- -~~~~~
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locali zation energy is less than that of any aromatic circuits present in the Un-
oxidized or unreduced state.

Class C Molecules (Poor Conductors )

Poor conductors (insulators with large activation energy) will be formed by
those molecules the radical cations or anions of which contain no new aromatic
circuits not already present in the unoxidized or unreduced state.

We believe these conditions to be necessary but obviously not sufficient to
categorize all radical-ion conductors. Large bulky substituent s , for examp le,
which decrease the intermolecular resonance energy can readil y give a Class A
molecule , Class C properties. In the next sections we present some examp les from
each class plus some new examples for Class A.

EXAMPLES

Class A Molecules

Onl y a limited number of these are presently known. TABLE I presents a few
examples; a more complete list has been presented elsewhere. ’3 In all cases at
least one new independent aromatic circuit is for med.

C/ass B Mo/ecu/es

Most of the examples in this category are benzoannel lated derivatives of ma-
terials that should form good conductors in the absence of annellation. ( 14) and
(16) are listed here as well as a few others in TABLE 2. A more comp lete list is in
Reference 13.

Class C Molecules

This is by far the largest class known. The best examp le is TMPD (27).

(27) (28)
Its radical ion (2$) contains no new 4n + 2 circuit not already present in the
neutral molecule. Consequently, no conductive mixed-valent states of this mol-
ecule should form and none are known. Other examp les are presented in
TABLE 3 and elsewhere. ’3

- - - - - - ~ - ______
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DESIGN OF CLASS A MOLECULES

Design of Class A molecules requires careful attention to the kinds of substit-
uents placed on the Class A molecular skeleton , their position , and their num-
ber. Using TTFt as an examp le, SCF calculat ions 3S indicate that littl e of the un-
paired electron density is in positions 4 or 5, indicative of the fact that of resonance
structures (33) and (34), type (33) makes the major contribution to the wave func-
tion. Protective groups at sites 4 and 5 to prevent further chemical reactivity of
the cation are not necessary, since there is lit t l e spin density at these sites.

(33) (34 )

On the other han d , consider the 1 ,2-d ithio l ium analogue 3
~ of TTF(35).

(35)

Its radical cation has resonance structure type (36) and (37) .

I 2 I 2

5
3

(36) (37)

As with lIFt , structure of the type (38) should contri bute much less to the de-
localization energy.

S=S

(38)
Structure (37) suggests that protective groups will be needed at sites 5 and 5’ but
not a t4  or 4’.

As a third examp le, consider the dithiapyrany lidene 31’3~ (39) and its radical
cation (40), which contains a new 4.’i + 2 circuit as shown.

s~~~~-~~~ s

- - 

(39) (40)
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The resonance structure types of(40) are (41-43).

i ~~~~~~~~~~~~~~ ~ ~~~~~~~~~ 
s~jjj /~j~~

6 5 6’ (42) (43)

Struct ure (43), as in (38) and (34), is not expected to make a major con tri bution to
the delocalization energy. Structure (42) then suggests that sites 2, 2’, 6, and 6’

- 
- should have protective groups to prevent further chemical reactivity of the radical

cation at these sites. Consistent with this interpretation is the fact that from the
ESR proton coupling constants ,39 the estimated spin density at site 2 is th ree t imes
higher than at site 3. (Pc2 = 0.104, Pc3 0.03 1, P5 = 0.059) -

The choice of protective group has been dictated by effects of chemical and -

electrochemica l experience. Meth yl groups do not seem to be sufficient , but pheny l
rings do. TABLE 4 presents some of our electrical data on powder samples of
phenyl-substituted (39) and (35) TCNQ salts along with some recent data from
other laboratories. For the pheny l-substituted compounds , the data are corn- -

parable to those from powdered TTF-TCNQ. -

Some additional data suggest the rather unusual nature of ,these complexes.
For instance , (47) can be grown as fine filamentary structures within an insulating
polymer matrix. A one-micron-thick polymer film containing 5°/a by weight of
filamentary (47) has a conductivity of 1 t~~ cm ’ compared to-the pure polymer ,
which has < l0 ’4~2 ’cm~~.

FIGURE 4 shows the temperature dependence of o~ for this film from room tern-
perature down to 50°K. ~ is virtuall y flat near 3000 K and then drops off with an
activation energy of only 0.07 eV. Near 70° K there seems to be an anomal y.
Preliminary magnetic susceptibility data shown in FIGURE 5 for the powdered
salt are similar to what one finds in TTF-TCNQ. There also may be an anomal y in
x around 70° K.

It is possible that if the charge-transport processes in these salts are governed
by Peierls-Frohlich charge-density-wave (CDW) migration , separating conducting
chains by growing them in polymer matrices may have dramatic effects on the
pinning temperature of the CDW. Further exploratory studies along these li nes are
in progress and will be reported elsewhere .

ARE ALL FORMALLY 4n + 2 CIRCUITS AROMATIC ?

It is instructive to compare the properties of the radical cations of (45) and
(4~) with their nitroge n analog,42 the paraquat (50).

H ,C— ’N~~~~~~—~~~~~~~ _CH , .

(50)

I
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TABLE 4
ELECTRICAL CONDUCTIVITY OF NEW CLASS A DONORS WITH TCNQ

r(0~
1 cm ’)’

Donor ( I :  I TCNQ Salt) Reference

H 3C CH 3

(44 ) o~~)=(~~o 10-6 41)

H 3C CH 3 -

1.7 -

(47) - 

— 
10—30 this work

27 this work - -

(49) ~~~~~~~~~ 3—5 this work

For comparison TTF-TCNQ. — 10-20
Compressed-powder measurements.

-~~--.--
. 

~~~~~~~~~~~~~~~ -~ -- - -~~~ -

-
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In the absence of any other data , (50) formally has a 4n + 2 aromatic circuit.
However , ESR proton coupling constants43 for (50) indicate that positions 2 and 3
have the same spin density an d moreover the spin density at nitrogen is some three
ti mes larger tha n at the carbon atoms (Pa , = P~2 0.05, 

~ N = 0.17). This is in
contrast to the dit hi apyrany lidene cation (40). The ESR data of (50) are inconsis-
ten t with a description of this radica l cation as con tainin g an aromat ic circui t as
the major contribution to the wave function. Rather , Kekule structures such as
(51) and (52) are also major contributors , neither of which has an aromatic circuit.

H 3C_N =r~~N_CH 3 H 3C_N
~~~i}=(~~~~

N._CH 3

(51) (52)

We conclude that this radica l cation should not form mixed valent-states that
effi ciently transport charge. In fact , TCNQ salts of paraquats are highly conduc-
tive on ly when the closed-shell dication (53) is present.~ ’45

R—N {)._IfJ+N--R

(53)

SUMMARY AND CONCLUSIONS

We have demonstrated by empirical observations that those radical ions which
form a mixed-valent high-conductivity state all contain additional 4n + 2 local
aromatic circuits not present in their neutral counterparts. We suggest that this is
a necessary condition for a molecule to form a mixed-valent solid showing high
conductivity, si nce it represents a measure of the strength of the electron-molecu-
lar vibration coupling compared to the strength of intermolecular bonding. We -

have categorized radical ions into th ree classes: Class A, those with the largest
delocalization energy (smallest electron-intramolecular phonon coupling) and the - —
highest conductivity; Class B of intermediate delocalization; and Class C with no
delocalization and no mixed-valent states.

We have shown how Kekule structures allow a qualitative determination of the
number and kind of local aromatic circuits, and a rough estimate of their energetics

• has allowed us to classify the molecular skeletons into the three classes above.
We have also shown how the Kekule structures allow a reasonable determination
of sites requiring protective groups to prevent chemical reactivity of those radical
ions in Class A. Using these arguments we have demonstrated three new examples
of Class A molecules.
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DISCUSSION

EDWARD ENGLER (IBM . Yorktown Heights , N. Y.): I would expect , from your
anal ysis , to see larger differences in the molecular properties of TTF compared
to the benzy l and dibenzy l TTF, especially since it is implied that the extent of
delocalization is considerabl y less. I would also then expect the ionization po-
tential to be much higher. That does not appear to be the case. The MO calcula-
tions fr om the literat ure appare ntly indicate that the TTF systems are good donors
and need onl y be delocàlized over the internal portions of the molecule , and that
the external double bonds are not that well coupled into the aromatic character
of these systems. Thus , I do not think that we can app ly your construct to some of
these Systems.

PERLSTEIN: Concerning the dibenzyl and benzy l TTF, the oxidation potentials
increase with the addition of the benzy l substituents. You can make mixed -
valence solids of dibenzyl TTF with bromine , yet the conductivity is onl y about
1 0 i ’cm~~. I am suggesting th at the activation energies will , in general , be
larger than those which are not annellated. This may be associated with stronger
intramolecular coupling of the electron to the molecular vibrations.

C. H. CHEN (Eastman Kodak, Rochester. N. Y.): What are the substituent
effects?

PERLSTEIN: Given a system that has this aromati c cha racter , one also has to
worry about the location of the spin density in the molecule, and what kinds of -

substituents be put there to prevent any other chemical reactivity from occurring.
We found that phenyl rings are the best in that sense.



THE FUTURE OF ORGANIC METALS COMPOSED OF
CARBON , HYDROGEN , NITROGEN , AND SULFUR*

F. Wudl , A. A. Kruger , and G. A. Thomas
Bell Laboratories

Murray H ill. New Jersey 07974

Altho ugh we are aware that it is tru ly pretentious and dangerous to tal k about
the future of a relatively young research field , we believe that enough information
has been gathered so far to warrant a glimpse into the directions it will take . We
will restrict ourselves to the treatment of organic materials and will discuss their
future only from the infinitely narrow (yet glamorous) point of view of electrical
conductivity.

There are two approaches one can take , of which the first and most obvious is
chronological; i.e., we can ex-~mine the past and present , extract common de-
nomi nators, and then lunge (extrapolate) into the future. A very difficult task ,
indeed , to be accomplished within twenty minutes. Particularl y at the last session
of the last section of this conference ! In order to obviate this problem, we have
prepared a (grossly oversimplified) table of important events (TABLE 1), starting
with the advent of TCNQ and ending sometime in 1977.

From this table we were able to extract the followi ng obvious comm on de-
nominators:

1. Prior to 1974 (TSeF), all pseudo-one-dimensional organic conductors were
discovered more or less accidental ly, and not invented or designed.

2. At present , all excellent conductors consist of mixed-valence stacks (for-
mally neutral and formall y charged molecules within the same stack).

3. Pseudo-one-dimensional metals cannot become Frt~hlich superconductors
on a macroscopic scale.

4. Increased dimensiona lity leads to higher con d uct ivi t ies, both at room tern-
perature and at low temperatures.

A second approach is to examine series of compounds and attempt to obtain
common features of all members of the group. We have done this with the tem-
perature dependence of the conductivity of a series of compounds and the tern-
perature dependence of the magnetic susceptibility transition 1 of another series of
conductors.

In FIGURE 1, we have replotted on the same scale (from various published ar-
tid es),2 the resistivities of (TTF)(TCNQ), (TTF)(TCNQ) under pressure, (TSeF)-
(TCNQ), and (HMTSF)(TCNQ) as a function of inverse temperature. From this
plot one can observe the following:

1. All compounds of this series reach the same value of minimum resistivity
(maximum conductivity) of ca. 1.6 x l0~~ to IO~~ Ucm (6.2 x 10 to
1.4 x l04 Q_ I cm~~).

*Manuscrj pt received June 14, 197 7.
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TABLE I
DEVELOPMENT OF ORGANIC AND SOME ORGANIC CONDUCTORS

OVER A SIXTEEN-YEAR PERIOD

K nowledge Gained
Year Event Theoretical Practical 

- 

-

1960 TCNQ nothing organic compounds
conduct electricity

1964 Little , W. A. need stacks and complex
salts

1965 (NMP)(TCNQ) No need for complex salts?
1970— 1971 (NMP)(TCNQ) Mott -Hubbard nothing

revisited -

TTF
1972—1 973 (TTF)(TCNQ)(KCP) Peierls-FrOhlich first organic “metal”

revisited
1974 (TSeF)(TCNQ) Mixed valence No macroscopic

F.R.V .-FrOhlich Fröhlich superconduc tors
revisitedS

1975-1976 (HMTSF)(TCNQ) — 2-D important
(SN)

~ITT revisited

10.1 
-

10 2

FIGURE 1. Single crystal resis-
tivity as a function of reciprocal
temperature . (TTFXTCNQ) at

3 atmospheric pressure, .; (TTF)-
~ 10 . (TCNQ) at 16.4 kbar , i; (TSeF)-

(TCNQ) at atmospheric pres-
sure, 0; (HMTSF)(TCNQ)
at atmospheric pressure, 0;

___________ (HMTSF)(TCNQ) at 14 kbar -

1o 4 
. 
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2. (TTFXTCNQ) under pressure has a behavior remarkably similar to that of
(HMTSF)(TCNQ) at atmospheric pressure.

3. (HMTSF)(TCNQ) exhibits the highest conductivity of all , but only under
high pressure.

DISCUSSION

The observations based on the table are self-evident and need no further com-
ment.

The reasons for the maximum conductivity value of ( 1—10) x 104 1Z~
1 cm~~are:

1. That probably “impurities” (chemical impurities and crystal defects) are
the overwhelming factor governing the conductivity of all systems studied
to date, including the highly conducting TSeT ch!oride and bromide.3 This
observation also implies that “impurities” in all of these compounds are
(not surprisingly) of the same nature, since these are al l organic crystals
grown under very similar conditions and subject to the same types of “im-
purities.”

2. The value (1— 10) x l0’~2~ cm~ probably represents the maximum 6
conductivity attainable via supermolecular orbitals based on ir — 

~~ over-
lap of C, N , and S molecular orbitals.

Since, however , the measurement of conductivity is such a gross determina-
tion , it could just be fortuitous that all the pseudo-one-dimensional compounds
measured to date exhibit a maximum conductivity that centers around the men-
tioned number.

The fact that (TTF)(TCNQ) under pressure and (HMTSF)(TCNQ) at at-
mospheric pressure show the same behavior may imply that at high pressure , the
band-width and intra- as well as interstack interactions increase; i .e., the sulfur
atoms in (TTF)(TCNQ) under these conditions are equivalent to seienium atoms
in (HMTSF)(TCNQ) at atmospheric pressure.

From the foregoing discussion and other information on many materials , one
can conclude (in a highly speculative fashion at best) that:

I . All single-crystal organic molecular solids based on pseudo-one-dimen-
sional i~ — i interactions (i.e., donor-acceptor solids) will exhibit maximum
specific conductivities of (1— 10) x 10’~i ’ cm~ at atmospheric pressure.

2. All single-crystal one-dimensional organic molecular solids based on C,H,N,
and S, regardless of degree of charge transfer , will be ground-state in-
sulators.

Therefore, the future of organic metals (strictly from a conductivity point of
view!) lies in ar~bonded systems (polymers) with ~-delocalization. Good models , of
course, are (SN)~, graphite, and the theoretically interesting amorphous state.

Over approximately two years we have been attempting to emulate these
models, and in this presentation we will exhibit preliminary results based on
emulations of(SN)~.

I

- - -  -
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Polythiazyl can be envisioned (strictly for heuristic reasons) as a polymer con-
sisting of mixed-valence sulfur and nitrogen:

N—S N — S  N •tC

/ \ II

etc

- N—S - N=S •N— etc
- / /

$ N — S  N—S
.

- etc
- If nitrogen were to be substituted by carbon:

~~~~~~~~ ,,L~ ~_ L~~ $ ~~~~~ 
~~~~~~~ 

St.

$ ,
k~.. ~~~~~~~~~ $ ~~~~~~~ $ ~~~~~~~~~ ~~~~~ etc

$ $ ~~~~~~~S ~~~~~$‘~~ S etc

etc

‘ 1

!~2.  — —--—- - - - — —-- -- - - — - -- --- ---- -
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Clearly, a substituent capable of stabilizing a carbon atom bearing an unpaired
spin and/or tetravalent sulfur atom must be incorporated. A suitable choice could
be —CN, — N(R)2 , and so on , but ortho-phenylene may be better from an elec-
tronic and synthetic point of view:

I

There are several synthetic avenues to such a polymer. One of these, based on
the following scheme, will be described here:

HgCJ s (1)

+ 2SCJ~ - . 

[0~I~~
S 

1~ 
~~

HgC*
0

Isobenzothiophene (I), a molecule wh ich was descri bed in the literature some-
time ago but most recently by Cava and Lakshm ika ntham , et a!. .~~ can be
chloromercurated in essentially quantitative yield: -

HgCJ.~ 

(2)

H 3 HgC~ - 
-

The mercurial (2) is a white solid , insoluble in most solvents, slightly soluble
in DMF and DMSO; a solution in the latter exhibited an nmr spectrum practicall y
identical to that of III , below:

III

-- - --— - .—- - - --— - — - - — - - - —-—~~~- —- — - —-—-—-- — .-- - — - -~~~ -- --.— -— - - -—--— —~~~ —--
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In order to further characterize this mercurial , we treated it with iodine:

HqC1 I (3)

(~~~~J~~~~~S + 212 ~~~~ [
~:~I:IIII~::> 

+ HgC&2 +Hg 12

However, (3) did not proceed as expected; instead, a blue-black lustrous ma-
terial of composition C~~H 53 CIHg3 I 7 S10 was produced. This compound was an
excellent conductor at room temperature (1.5 x l0~ (1 cm as a compressed
micropellet). That the mercury in this compound was not the free element was
established as follows. We subjected a sample to high vacuum (

~ l0~~ torr)
th rough the inlet of a mass spectrometer. No Hg vapors were detected when the
sample was held at room temperature. Upon gentle heating, HgC1, HgCl 2, HgI , ‘2,
and so on , were the detectable species. An x-ray powder pattern of this unusual
solid proved it to be amorphous!

The temperature dependence of the conductivity determined on a compressed
pellet showed semiconductor behavior with a small energy of activation.

Attempts to produce the expected polymer via (1) also led to mercury contain-
ing product of moderately high conductivity (— 1(2cm) whose elemental analysis
corresponds to C42 H 26CI 2HgS8.

We are currentl y attempting to prepare the desired macromolecule as well as
analogous polymers by alternate routes. Since the carbon-selenium bond is
stronger than the nitrogen-selenium bond, contrary to (SN)~ vs. (SeN)~, the
above-mentioned polymer could also be adapted to a selenium analog.
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THE LAYERED DICHALCOGENIDES:
SOME CHEMISTRY AND PHYSICS*

F. R. Gamble
Corporate Research Laboratories

Exxon Research & Engineering Co.
Linden, New Jersey 07036

In the last ten or fifteen years , research on the layered dichalcogenides of the
transition metals has grown rapidl y and has become the focus of an international
effort of great magnitude. Discoveries have been made that are largel y responsible
for the high level of interest. Superconductivity was discovered in the dichalco-
genides of ta ntal um and n iobium . M olecular intercalation complexes of the group
IVb and Vb dichalcogenides were prepared , with those involvi ng Ta and N b bei ng
highly anisotropic superco:iductors. ’ Charge-density waves, predicted by Over-
hauser in 1968 ,2 were discovered 3’4 in several of the lVb and Vb dichalcogenides.
The discovery of charge density waves has alone provided enormous impetus to
the field. The electrochemical insertion of lithium between the layers of the com-
pounds was discovei~ed to be very energetic and now forms the basis of a new ,
hi gh-energy density battery .sa~~ Also during this period, it became clear that two
of the work-horse catal ysts of the petroleum industry are based on promoted
layered group VIb disulfides.6’7 Finall y, also on the technolog ical side, the use of
layered compound antiwear , antifriction ingredients in oils and greases, has re-
ceived attention ,

These discoveries and developments have come at a time when there is hi gh in-
terest in the scientific community in materials with limited dimensionality where
the effects of dimensionality on the occurrences and nature of phase transitions
and other physical phenomena can be examined experimentally. On the tech-
nologica l side, the electrochemical , catalytic, and frictional studies come at a time
when science is being asked what it can do for the energy problems we face . Keep-
ing this in mind , one can see why these materials have received the attention they
have , and one can predict with some confidence that they will yet continue for -
some time to be the subject of many investi gations.

A comprehensive review of all interesting aspects of this field will not be at-
tempted here. This article touches briefly those areas I have been close to. The
reader is referred to previous reviews for more information .8

The first crystal structure of a layered dichalcogenide was published by Dick- -

inson and Pauling in the twenties.9a They studied the mineral molybdenite , MoS2 ,
and found it to be composed of layers of MoS2 stacked upon one another. A
schematic representation of these layers is shown in FIGURE 1 for a similar com-
pound , TaS2. Each layer isa sandwich of a plane of metal atoms in sites of trigonal
prismatic symmetry between planes of chalcogen atoms. The bonds within the
layer are strong, primaril y covalent. Those between the layers are weak , primaril y

* Manuscri pt received October 3, 1977.
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van der Waals. Th is structure confers upon these crystals a high degree of ani so-
tropy and some very interesting chemical and physical propertks.

A scanning electron micrograph of small crystals of another layered dichalco-
genide, titan ium disulfide, grown on a titanium wire is shown in FIGURE 2. The
crystalli tes are on ly a few microns thick, bu t very nicel y formed. The platelike
morphology is typical and most likel y the result of difficulty in nucleating a new
layer on top of an old one. If we take a closer look with the transmission electron
microscope, we can see the individual layers , in FIGURE lOa , to be discussed later.
Crysta ls of appreciable thickness, in which the thickness perpendicular to the
layers is the greater crystal dimension , are unusual and are often found to con-
tai n a screw dislocation that has provided an easy path for growth in the c direc-
tion. Such dislocations provide a helical path for electron transport so that the c
axis electron transport properties are sometimes simply proportional to those of
the a-axis ,20 especially in the molecular intercalation complexes discussed later.
Specimens of this type are shown in FIGURE 3.

Many elements form layered dichalcogenides. The periodic table in FIGURE 4

FIGURE I . Schematic representation of
the crystal structur e of 2H -TaS2 . The
large , open circles represent chalcogen
atoms; the small , filled circles , metal
atoms. In this structure , peculiar to the laS2sulfldes and selenides of Nb , Ta , Mo ,
and W , the metal atoms are surrounded
by six chalcogens in a tri gonal prism .
Different polytypes are obtained by
subtle changes in the manner in which / laS2the layers are stacked. Different pol y-
morp hs result from changes in the co-
ord ination symmetry about the metal
atom.

is shaded to indicate those that do. Different symmetries of the sixfold coordina-
tion are indicated by di fferent shading. Although the octahedral coordination is
most prevalent, four elements—Ta ,Nb ,Mo, and W—crystallize with the chalcogen
atoms in a trigonal prism about them. Tantalum is somewhat ambivalent in this
regard and can crystalize with both coordination symmetries .~ The group Vb
dichalcogenides are metallic and superconducting and possess probabl y the most
remarkable properties of all. The group IVb compounds are either semiconducting
(Zr, Hf) or semimetailic (Ti). Group Vib compounds are semiconducting, as are
the rest. Most interest has been directed to Groups IVb , Vb, and Vib dichalco-
genides.

As you might expect, the similar structures of all these compounds afford a
large number of mixed crystal possibilities—and an ability to adjust and fine-tune
the crystal properties. In FIGuRE 5 are plotted the electrica l resistivities of mixed
crystals of u S2 and TaS2. ’° The lowest curve is u S2 and the uppermost is I T-TaS2,
the octahedral polytype. You will note that by adjusting the ratio of the mixture
a gradual evolution of properties is effected . The letter x stands for the fraction of
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FIGURE 2. A scanning electron micrograp h of small crystals of titanium disulfide grown
on a titanium wire in hot sulfur. The platelike morphology of these crystals is typical of this
class of compounds . Crystals that are thick in the direction perpendicular to the layers are
unusual but sometimes are found . Such specimens frequentl y display a prominent screw
dislocation along which they have grown. The presence of screw dislocations in these
crystals plagues efforts to obtain the intrinsi c anisotropy in the electron-transport prop-
erties of their molecular intercalation complexes.

titanium disulfide. There are some rather striking features of these data that were
initially very puzzling. One is that in TiS2 the conductivity is nonactivated,
metallic-like , while in the octahedral form of TaS2 it is activated. This is the reverse
of what one might have expected, since TiS2 has no electrons beyond those re-
quired in bonding and TaS2 has one extra. Another feature is the anomaly in
temperature dependence observed for tantalum-rich mixtures. We now know that
the “semiconducting” nature of the octahedral TaS2 and the anomalous electrica l
resistivities are the result of charge density waves~ and that the compound TiS2
probably has a very sl ight overlap of the valence and conduction bands IO.~~.l2b or a
very sm all gap, rather than the I cv gap originally thoug ht. 3Charge-density waves strongl y a ffect the properties of the metallic dichalco-
genides (i .e., especially group Vb). Reference to them will be frequent here, but the
reader is referred to other literature for a thoroug h treatment of them)” ” Here
it must suffice to say that they result from a Fermi surface instability peculiar to 2
materials of low dimensionality that leads to oscillations in the electron gas den-
sity as the temperature decreases.’4 A most striking feature is that in certain re-
gimes they do not possess the periodicity of the lattice. Onset of the CDW destroys
Fermi surface and strongly affects the electron-transport properties . As the tem-
perature is lowered still further , a transition from this incommensurate state to a
commensurate state occurs, at which point the crystal lattice distorts .
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Thompson has shown that this distortion temperature can be predicted from a 4
consideration of the local chemical bond between the chalcogen and the metal. ’5
In his picture , a structural instability inherent in the chemical bond is envisioned
that is required to account for first-orde r incommensurate-commensurate transi-
tions. Huisman et a!’6 had previously suggested that departures from ideal close
packing of chalcogen atoms (reflected in c/ a) in these hexagonal crystals are the
result of covalent mixing of orbitals in the metal chalcogen bond.

TABLE 1 is a listing of known distortion temperatures defined from transport
measurements. Thompson ’5 shows that it is possible to construct from the lattice
parameters a quantity that is linear in the ionicity as revealed by the d-p energy
gap. This is shown in FIGURE 6. He then applies this to the distortion temperatures

Ftouaa 3. Scanning electron micrograph of a crysta l of NbS2 that has been intercalated
with tributy lphosphine to form NbS2 (tributy lphosphine) 

~~ 
The crystal ii thick along the

c-axis because it has grown along a screw dislocation. The hexagonal hole is the center of the
screw. It is about I micron across . The leading edge of the helix is to the left of the disloca-
tion center . Apparently, during the NbS2 growth process (by chemica l vapor transport)
material was transported away from the dislocation to relieve strain . 

-- -.~~~~-—~~~~~~~--.—~~~~~~--~~~~ v- -  --—~~~~~~-
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(FIGURE 7). Much remains unanswered here before the observation is placed on a
sound theoretical footing, but the notion that local as well as nonlocal considera-
tions need to be invoked appears quite reasonable.

Not onl y do CDW’s produce grossly altered electronic properties when they
occur , but incipient CDW’s may also, in a more subtle way, be responsible for
certain behavior in crystals where the CDW state has not yet been clearly iden-
tified. The Thompson correlation would predict a CDW distortion in TiS2 around
150 K , but no distortion has been seen . Ti S2 has very few charge carriers and so
may be distinguished somewhat from its more metallic neighbors. In very pure
TiS2, Thompson ’2 showed the temperature-dependent resistivity was proportional

‘5
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Fiouaa 4. Periodic table of the elements indicating those known to form layered dichalco-
genides . Tri gonal prismatic and octahedral coordination of the metal atom arc indicated
by different shading. The sulfides and selenides of tantalum and niobium form a large
number of layered structures with subtle differences in stacking combined with two allowed
coordination symmetries.

to T2 from 400° K to the lowest temperature measured, about l0° K (FI GuRE 8).
Thompson has postulated that this truly unique phenomenon is the result of an
electron-electron scattering, as first described theoretically by Saber. ’7 An exact
mechanism for electron-electron scattering in u S2 has not been clearly defined , but
one possibility is that u S2 is a material with an incipient CDW and that electron-
electron scattering is enhanced by fluctuations into the CDW state (“para-
phasons”). In any case, at present u2 terms have been identified in a number of
limited dimensional materials, including other layered compounds, so that CDW
must be suspect.

In 2H-TaS2 the coordination about the tantalum atom is trigonal prismatic, as
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FIGURE 5. The temperature dependence of the electrical resistivity of the mixed crystals
Ta 1 _~Ti~S2 normalized to 300 K. The tantalum-rich members display an anomaly as-
sociated with the charge density wave states of those compounds. The temperature de-
pendence of the electrical resistance of titanium disulfide shown here is somewhat affected
by impurities . See F iouae S for the intrinsic behavior of T1S2(Da ta from Ref . 10.)

TABLE I
KNOWN DISTORTION TEMPERATURES D~ PINED PROM TRANSPORT MEASUREMENTS

Continuous Distortions Discontinuous Distortions
Material c/ a (‘K) Material c/a ( K )

2H-TaSe2 1.850 ± 0.002 90 I T-TaSe2 1.805 ± 0.002 473
2H-TaS2 1.822 * 0.002 36 IT-laS2 1.755 *0.003 350
2H-N bSc2 (.8209 ± 0.0004 26 IT-TiSc2 1.697 ± 0.001 200 ± (0
IT-V5e2 1.817 ± 0.002 55 ± S 4Hb-TaS2 1.732 (eat) 320
6R-TaS2 I .805 (est) IS 4Hb-TsSe2 l .806 (est) 4)0
4Hb-TaS2 1.793 (cli) IS * 3 6R-TaS2 1.763 (eat) 3I1
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FIGURE 6. The d-p energy gap of layered compounds with octahedr al coordination vs. a
quantity constructed fro m the lattice parameters c and a. This quantity is the deviation of
the ratio c/a from that ratio which corresponds to a distortion temperature of zero. The c/a
ratio for I — 0 is obtained by plotting the distortion temperatures versus c/ a and extrap-
olation to zero temperature. The d-p energy gap is obtained from photoelectron spectros-
copy of these materials. It corresponds to the separation between the maxima in the ap-
parent density of states. (Data from Ref. I S.)

shown in FIGURE 9. This phase is metallic at all temperatures and superconducting
below 0.8. In 1970 DiSalvo, Geballe, Klemm , and I discovered that certain organic
molecules could be inserted between the layers of this crystal by simply exposing
the tantalum sulfide to the molecules.’ A dramatic swelling of the crystals was
obvious and their properties were altered . If 2H-TaS2 is reacted with pyridine,
one-half mole of the compound is absorbed per formula unit of TaS2, the laycn
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spread apart by 6 A , and T~ is i ncreased to 3~50 K. One can follow this process in
the transmission electron microscope , as sh own i n FIGURE l 0. ’~ A large class of
fairl y crystalline , stoichiometric complexes are produced with the general for mul a
TaS2 (molecule) 1/~ where ,

~ 
is an integer. ’9 If simple substituents such as small

alkyt groups are placed on the pyridine ring, ~ can be va r ied fr om two to six. The
increase in layer spacing usuall y remains about 6 A , but in some cases coll apses to
about 3 A , indicative of a molecular monolayer. All of the intercalated com-
pounds are superconducting despite the fact that the electrons are constrained to
hi ghl y an isotropic motion. I sh all retur n to this poi n t later .

I 5 T I S I I 1
500 -
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,

400 - 11 .
/8~~~
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/
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FIGURE 7. The distortion temperature associated with the incommensurate-commensu -
rate transition vs. the ionicity parameter described in FIGURE 6. Asterisks describe points
obtained from estimated c/ a ratios when the crystals contain alternating octahedral and
trigonal prismatic layers. Such crystals have separate transitions associated with the two
kinds of layers. (Data from Ref. I S.)
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FIGUR E 8. The temperature-dependent resistivity of u S 2 as a function of 12. These
crystals are extremel y pure . They were prepared by sulfur-vapor transport to eliminate con-
tamination by forei gn transport agents such as iodine . The 12 proportionality obtains from
at least 10 K to 400 K. The lower limit is set by the difficulty of extracting the temperature -
dependent part in the presence of a significant temp erature-independent part. The upper
limit was determined by the integrity of the contacts. (Data from Ref. (2.)

First , let us consider why T~ is enhanced. I believe the answer is as postulated $by Thompson el a!.20 The intercalation reaction eliminates a Fermi surface in-
stability we now know to result in CDWs. in TaS2 the onset of charge density
waves produces a cusp in the susceptibility that is reduced as the integer ~ is de-
creased—i.e., as the number of molecule layer interactions is increased. This can
be seen in the data of DiSalvo (FIGURE I )) • 21 in FIGURE I I  the value of ~ goes
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from six to two , and as it does so the instabil i ty is removed and T~ increases. It is
still not clear how the intercalated molecules achieve this , but let us consider what
happens if the integer ,

~ 
is held constant and the molecule is altered by substituents

that give the same stoichiometry.
The effects of substituents on T~ are shown in FIGURE 12.22 Here the stoichio-

met ric in teger , is a parameter. The critical temperatures for three values of ~ are
plotted vs . an NQR parameter that is linea r i n the density of electrons in the lone
pa ir orbital of the nitrogen. These results suggest that the molecule interacts with
the layer via this lone pair orbital. If ~~. — 

~ NC is substantia lly reduced , the com-
plexes do not form , which suggests that the same interaction responsible for the
enhancement of T, is responsible for complexation.

We have conside red effects of chang i ng the molecule from pyridine to substi-
tuted py ridines and have found that the lone pair orbital was somehow implicated.
What happens when we change the transition metal? A large number of experi-
ments indicate that molecular intercalation complexes can be formed onl y by di-

—— ~~~~—

—— — —— — — __
2-H T.S2 1-T T1S2
Trl~nsl PrIsm ,f~~. Octah dron

a -  3 315R .. j  a . 13, X
C • 6.OI t c •

• 1.~~5 (1dISI L$W • Lfl~(ids.I L433~

FIGURE 9. The two coordination symmetries observed in laS2 . Crystals with octahedral ,
tri gon al prismatic , or (in alter nating layers) both coordination symmetries can be prepared.
The trigona l prismatic 2H-TaS 2 is the phase stable at room temperature and the one that
lends itself best to inte rcalation chemistry.
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20A
r ( C H N)

FIGURE 10 . a: Transmissi on electron micrograp h showing individual laye rs in 2H-TaS 2 .
The dark li nes i n the photograp h correspond to the electron-rich tantalum layers. The inter-
laye r spac in g is 6 A .  b: Trans m iss ion elect ron m icrograp h of the molecul a r i nte rca latio n
complex 2H-TaS 2(py ridine) 1/ 2 . In this complex pyridine has been intercalated. The tan-
talum layers are 12 A apart. C: The transmission electron micrograph of the molecular
intercalation com p lex 2H-TaS 2(py ridin e) 1/4 This material was prepared by reacting
2H-TaS 2 with half the a mount of pyridine known to fill the interlayer space completely.
Co m plexes of t h is kind are termed secon d stage . No h i gher st age compou n ds have been
observed. Second-stage compounds can be reacted further with different molecules such
t hat the nature of the molecular intercalat e alternates 18b. (B y permission of the publishers
of Science . ISa )
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chalcogenides of lVb and Vb metals. Since Nb and Ta dichalcogenides have struc-
tures nearl y identical to the corresponding Mo and W con11 ounds , it is instructive
to ask wh y the former readil y form complexes whereas the latter do not.

I believe the answer can be found in the band structures computed by
Mattheiss23 for representative Vb and Vib compounds. The important feature in
these is a low-l y ing two-electron band that is half full in group Vb dichalcogenides
and full in group Vib. The conduction band is empty or nearly so in group lVb
dichalcogenides. An empirical rule that serves is that in the host crystal a low-

~~ 0.5 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I ~~~~~~~~~~~
7
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~~~~~~~~ TRIBUTYLAM INE 1/8

2 0.3 - 2H Ta S2 (2 ,6 LUTIDINE )115

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
2H-TO S2 (2-PICOLINE)113

0.1 -

0 100 200 300
I (9()

FIGURE I I .  The magnetic susceptibility vs. temp erature for various intercalation com-
plexes of 2H-laS2. Notice that the cusp, associated with the CDW state , is progressivel y
reduced in magnit ude as the number of intercalated molecules per formula unit increases,
Ihe temperature at which the cusp occurs does not shift. As the cusp disappea rs, the super-
conducting critical temperature is increased. (The data for the tributy la m ine complex
should not be compared with those of the substituted pynidine complexes.)

lying band with empty states is required for molecular intercalation to proceed.
We have also found that the lone pair state of the molecule is implicated. In fact ,

• with but one exception, that I will treat later , all molecules that form intercalation
complexes possess this lone pair state. We therefore postulate that an interaction ,
perhaps indirect , between this doubly occupied lone pair state of the molecule and
the low-ly ing unoccupied electronic states of the host is responsible for complex
formation and is imp licated in the chemical modifications of the ph ysical prop-
erties of the host.

One interaction of this kind is the ordinary dative chemical bond in which
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FIGURE 12. The superconducting critica l temperature of 2H-Ta S2 complexed with sub-
stituted pyridines vs. the parameter ~~-aNC derived fro m NQR measurements on the
nitrogen of the uniterca lated molecule . The three lines correspond to the following ratios
of laS2 to intercalate: 2, 3, and 4 (top to bottom). The para meter 

~ -~ NC is the difference
between the lone pair density ~ and the sigma bond density aNC . The latter parameter
should be independent of the molecule so that T~ appears to be linearly dependent on ,Q~.
Complexes do not form whe n ,~,-eNC is much smaller than shown. (Data from Ref. 22.).

there is slig ht mixing of the lone pair state with the empty layer states. The empty
layer states referred to are principall y of transition metal character but they 4
possess a substantial admixture of chalcogen orbitals , and this would permit in-
teraction of the sort postulated. This interaction would ordinaril y lead one to
expect the axis of the lone pair orbital to be perpendicular to the layers . This is
clearly not the case in several substituted pyridine cases where the interlayer dila-
tion is onl y sufficient to accommodate a molecular monolayer with the aromatic
ring parallel to the layers. ’9

In an effort to obtain a clearer picture of the bonding interaction in these sys-
tems we have studied in detail the complexes formed by ammonia , particularly
those with TaS2 and TiS2.~~

28 A major effort was directed toward nmr studies ,
since one has a good selection of resonant nucleii in ‘4 NH 3, ~ NH 3, and ‘4 ND 3.
One of the first things we learned about this complex is that the molecules are quite

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- .- -~. -~~-—-—.. ~~~~~ - . - -— —-- - ____ —- —~~
..



Gamble: The Layered Dichalcogenides 99

free to diffuse , to reor ient , and to spin. 24’27 As an exam ple of this we can consider
FIGURE 13 , where the proton NMR linewidth is plotted vs. T.27 The line broadens
onl y around 140 K as molecular hopping and reorientation begin to stop. They
are still spinning, however , about their C3 axis.

The most remarkable results came from a single crystal study of TaS2(NH 3),
where we observed a significant anisotropy in the proton spinlattice relaxation
time as the angle between the field and the layers is changed,24 as shown in
FIGURE 14 . We have interpreted this as a rapid reorientation of the C3 axis of the
molecule that is possible only if the C3 axis is parallel—not perpendicular—to the
layers, as indicated in FIGURE 15. The implications of this are that the nItrogen is
midway between the planes, an implication confirmed by x-ray 2

~ and neutron
diffraction. 29 This is not the structure that leads to maximum overlap, but it is still
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Fiouxe 13. The proton NMR line-width vs. temperature in the complexes laS2(NH 3)
and TIS2(NH 3). NMR measurements show that the interca late is quite mobile at room
temperature . It can diffuse, tumble , and spin about its C3 axis. Only the latter degree of
freedom is available at 4 K. Unless the samples are contaminated with moisture, the protons
undergo intermolecular exchange quite slowly. (Data from Ref. 27.)
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FIGuRE 14. The p:oton spin-lattice relaxation rate as a function o~ the ang le between the
applied magnetic field and the normal to the planes. The 10 shift of the data from a sym-
metric disposition about 90 suggest a slight misalignment of the crystal in the holder. The
dashed line represents the function A + B sin 2 0. From these data one can infer that the C3
axis of the molecule must be parallel to the layers . (See Ref. 25 for a discussion of the cx-
periment.)

possible to rationalize it on the previous model if one wishes to do so. There is now
an alternate explanation that must be considered. Schollhorn and Zagef’kalSb

have reported data suggesting that the complex is better thought of as TaS2~
(NH 4” )~(NH 3) ’ where a is about 0.1 and the orientation of the lone pair is
the result of solvation of the ammonium. The nmr data on these complexcs~~2’
show no indication of rapid proton exchange, however , so at present I feel the
bonding interaction is still an unresolved issue. Structuial information is accumu-
lating. however, an d a resolution is foreseeable.

When we first prepared molecular intercalation complexes, one question before
us concerned the dimensionality of the superconductivity. In TaS2 (NH 3), where
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the layers are onl y 3 A apart , or in TaS2 (pyridine) 112 , where they a re 6 A apart ,
it is reasonable to assume that tunneling of Cooper pairs couples the supercon-
ductivity in adjacent layers. What happens if we put larger molecules between the
layers? This we can do by attaching n-alk ylamines to the nitrogen of ammonia
in place of one of the protons .3° We exam i ned i ntercalation complexes of TaS2
with primary normal alkylamines from methy lamine to octadecylamine. What
happens to the critica l temperature as we make the molecule longer? It drops , as
we see in FIGURE 16 , until we have added 8 or 9 carbon atoms and then it jumps
up, and as the molecule is further lengthened by adding additional methy lenes, it
holds constant. The drop in critical temperature is not associated with spreading
the layers further apart , for x-ray diffraction shows the layers are not moving
apart. The chains are parallel to the surface . The layers move apart dramaticall y,
however , when the carbon number exceeds ten. A molecular bilayer has been
formed (FIGURE 17). The amine TaS2 ratio is decreasing as carbon number is in-
creased at fi rst , and then the ratio increases to 2/3 when the molecules stand up,
and holds constant at that value thereafter. Obviously, the critical temperature is a
function of stoichiometry but not interlayer distance.

When the layers are 50 A (FIGURE 17) apart we might assume that Josephson
coupling between them is insignificant. There are those, however , who disagree.

FIGURE 15. The orlentation of the ammonia
7 molecule in 2H-TaS2(NH 3) inferred from the .

anisotropy of the proton spin lattice relaxation
rate. X-ray diffraction of the similar complex
TiS2(NH 3) places the nitrogen midway between
the layers in accord with the proposed orients-

• - tion.

_ _ _ _ _ _ _  -



102 Annals New York Academy of Sciences

) 50
/

/ ..(
M a

U)
w

-. w
I- ,-

4 3 .  ~~3 OJ

UI 1.21
5 ’ -  a

I’ . I • I . 1 . I  • I • • I . 1  •• 0 2 4 6 8 10 2 14 16 lB
NUMBER OF CARBON ATOMS IN MOLECULAR CHAIN

FIGuRE 16. The superconducting critical temperature (circles) and the interlayer dilata-
tion (triang les) as a fu nction of the number of carbon atoms in the chain of the normal
primary amine intercalation complexes of 2H-TaS 2 . For low carbon number the chains are
parallel to the layers and the stoichiometry of the complex changes as the chain length is
increased. At high carbon numbers the stoichiomet ry is constant because the chai ns are
perpendicular to the layers. In this configuration the interlayer dilatation increases as the
chain length increases. (Data from Ref. 30.)

How else might we destroy Josephson coupling between the layers? It occurred
to me that another approach would be to insert paramagnetic molecules betweefl
the layers. In an effort to prepare such complexes, Dines3’ discovered this could
be done by contacting group IVb or Yb dichalcogenide~ with the most electro-
positive metallocenes: cobaltocene and chromocene. A schematic reprw:ntative
of a metallocene is shown in FIGURE 18. We can think of the two in question as
molecular analogues of the alkali metals. They form complexes by complete tran s-
fer of one electron to the layers forming molecular cations. Cobaltocenium is d6,
spin 0. Chromocenium is d3 , spin

,, 
3/2. On intercalation they adopt the con-

figuration shown in FIGURE 19.32 This is probably adopted to minimize the electro-
static energy of the ionic array.

What happens to the superconductivity? The diamagnetic TaS2(CoCp2),14 is
superconducting below 3.2 Kelvin. 33 Substituting the paramagnetic species de-
creases the critical temperature by about l0%. This is probably the result of some
contact between the Fermi surface electrons and the spins. This contact should
serve to break pairs tunneling between layers. Similar complexes have recently
been prepared at Oxford but their magnetic properties have not been measured.~’

The reactions of cobaltocene and chromoccne result in the formation of corn-
plexes in which each guest resides as a cation between negatively charged layers.

~Ij. ~~~~~~~
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This kind of compound was first discovered by Rudorif, and Sick ,35 who found
that alkali metals dissolved in ammonia would react with the layered dichalco-
genides to form intercalation compounds. These were, in fact , the first inter-
calation compounds of the layered dichalcogenides. Now, several yea rs ago, in
examining the technical obstacles preventing the construction of long-lived , high-
energy density electr ic storage batte ries, we real ized that research in th is area
should be directed at cathode mater ials that would react reversibly at am bient
temperatures with lig ht electropositive metals. Now , lithium reacts to form inter-
calation compounds with most of the layered dichalcogenides.~~’~~ Whittingham
discovered5 that the intercalation of alkali metals, in particular , lithium , could be
achieved electrochemically with the release of substantial electrical energy. I-Ic
fur th er established that th is reaction could be reversed electrochemically. A sing le-

1052 LAYE R
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FIGURE 17. Schematic representation of the intercalation complex 2H-TaS2(octadecyl-

amine) 2/3. The amine fun ction (not shown) is adjacent to the layers. The complex is super-
conducting below YK. Josephson coupling between the layers should be exceedingly weak.
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FIGURE IS. A schematic representation of a metallocene molecule. The central atom is a
transition meta l . Above and below it are five-membered carbon rings with hydrogens at-
tached.

FIGURE 19. A schemittic representation of
~~~/ ~~~~~~~~~ the intercalation complexes formed by cobalto-

cene and chromocene with the layered dichalco-
genides of groups IVb and Vb metal s. The
pseudofivefold axis of the molecule is paral lel

- .. to the layers. This configuration is consistent

C with the interlayer spacing, the stoichiometry,
and proton nmr linewidth analysis. It is pre..
sumab ly dictated by the Madelung energy,
which is probably lower when the smaller
dimension of the molecule separates the layers .
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cell battery based on this concept is shown schematically in FIGURE 20. The anode
of the couple is metallic lithium; the cathode is a compacted powder of titanium
disulfide on an electrically conducting metallic grid, The electrolyte is an organic
ether with a lithium salt dissolved in it. When the external circuit is completed,
electrons flow from the anode through the circuit to the titanium sulfide cathode . -

:

Concomitantly, lithium ions are ejected from the lithium anode into solution , 1 .
while lithium ions are intercalated in the titanium disulfide.

The reaction between lithium and titanium disulfide under these conditions
yields a continuum of products Li~ uS2 where 0 � x � 1. These appear to be of a

2) ELECTROINTE RCALATION

AT ANODE: Li : Li’1’ + ~

AT CATHODE: Ti52 + s

Li + T152—s-LiTiS2

~__w~w_w —
-~~~ ~~~~~~~~~~~~~~~~~~~~~~~ —

a’ — -.----..--------—- -.—---•1 .— *—.----———--——-—- -‘—I.,.- _____w____w —w______-_w —LI ~ - - — — -‘-— ~~~ 
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•.,—.—.— —.,_—.———‘_——.——,——.—.—‘. . ....
-~~ ~~~~~~WW W~~~— w_____w__ ~-—I. — ~~~~~ 0 ~~~ ‘
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FIGURE 20. A schematic representation of an electrochemical cell based on the inter-
calation of lithium in tita1,iam disulfide. On discharge, electrons flow in the external circuits
from lithium to titanium disulfide . A current imposed in the opposite direction causes the
lit h ium to deintercalate and redeposit on the lithium anode. The intercalation reaction
proceeds without altering the stru ctural integrity of the layers. The high energy density
of the cell is the result in part of the fact that no bonds in u S2 have to be ruptured on dii-
charge.

single phase, such that all properties of the system vary smoothly with x. This can
be seen by reference to FIGURES 21 -.23, where the cell voltage, intcrlayer spacing,
7 Li Knight shift , and 7Li NQR parameters are given as a function of discharge.3’
The picture that evolves is one in which at low intcrcalate concentrations the
lithium resides in the octahedral holes present between the TiS2 layers.31 It is
almost completely ionized . As the lithium concentration is increased, the layers
move farther apart , the ion site is distorted from octahedral symmetry, the size
of the ion increases, its Knight shift moves slightly toward that of metallic lithium ,
and the cell voltage drops. These observations are perfectly consistent internally.

_ _  - . --.- ~~ - - -~~ - - -.-— ~~ -- .-- ~~~~~ - -----
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FIGURE 2 1. The open circuit cell voltage (triang les) of the Li/u S2 as a function of state
of discharge. The product of the reaction is a continuum of compounds Li~ TIS2 (0 � x � I)
such that no phase boundary exists between u S2 and LiTiS2. Frc m these data one can
compute a theoretical upper limit to the energy density of a battery based on this reaction ,
480 watt hours per kg. (Although the voltage curve is essentiall y featureless, its first det iva-
tive contains information that suggest incipient ordering of the lithium ion array at certain
rational stoichiometries . Thompson , A. H. To be published.) (Data from Refs. 5a, Sc.)

The interlayer spacing (circles) of the titanium disulfid e host as a function of the state of
discharge. The crystals swell on total discharge by approximately 10% . The appa rent size
of the lit hium guest increases as the reaction proceeds in such a manner that the lithium
initially appears to be quite ionic but is somewhat less so when the host is full. The size
of a lithi um is such that the original octahedral holes between the layer can just accommo-
date it. (Data from Ref. 36.)

Of course, the available energy would be of no use if it could not be withdrawn
at an appreciable rate . The nuclear magnetic resonance measurements also give us
a handle on the diffusion of lithium within the layers. If we plot (FIGURE 24) the

..

~ 

spin-lattice relaxation rate I /T 1 vs. the applied magnetic field in lithium titanium
• disulfide ,3’ the slope yields the jump time of approximately 0.25 microseconds for
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the li thium. From this , one can derive a diffusion constant that is in accord with
the observed high rate of the cell.

The theoretical energy density of the Li/TiS2 couple is 480 watt hours per kg.
Eng ineering studies suggest that a battery with a practical energy density of 120
watt hours per kg (about four times that of lead/acid) and 100 watts per kg could
be constructed.

In summary, we have seen that the unusual anisotropic bonding in the layered
dichalcogenides confers upon them unusual chemical as well as physical prop-
erties , that the properties of the host can be manipulated via the intercalated guest ,
that guests can be selected to examine certain questions in solid-state physics, and
that this area of science is able to provide timely technological options.

In conclusion , I want to thank the organizers of this conference for the oppor-

./~/
l 0 -

I

LI CONCENTRATION Cx)
FIGURE 22. The lithium nmr Knight shift as a function of state of discharge in the

Li/u S2 cell. Initial ly the Knight shift is only 3 ppm greater than that of Lii standard . As
the host is filled the Knight shift increases very slightly toward that associated with metallic
lithium (240 ppm). (Data from Ref. 36.)
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FIGURE 23. The lithium NQR parameter e2qQ/h as a function of the state of discharge
of Li/TiS2. Near x — 0 the site symmetry is approximately octahedral and the coupling
constant is small. The symmetry changes to that of a trigonal antiprism as the layers move
apart . At the same time the charge on the layers i ncreases. Both effects lead to an increase
in the electric field gradient at the lithium nucleus. (Data from Ref. 36.)
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FIGURE 24. Variation of the spin-lattice relaxation rate in LiTaS2 with resonance fre-
quency showing that l/T~ — A + Bp0—2~ The frequency-dependent component is associated
with the motion of the lithium and implies a hop time of 0.25 ~s/iec, from which one can
compute a diffusion constant consistent with cell performance. The frs~~ency-inde ,endent
component is associated with guest-host interactions. (Data from Ref. 38.)
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tunity to present this review . I regret that mine is the only paper of the conference
that treats the layered dichalcogenides, especially because I have not treated
several important aspects of the subject and have restricted myself primarily to
work performed in our own laboratories.
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DISCUSSION

JEAN ROUXEL (Univ. of Nantes. Nantes . France): I would like to emphasize an-
other point about charge-density waves , namel y, the effect of pressure. Wh en a
charge-density wave forms there is a compet ition between two terms of the free
energy of the system , the strain energy, which increases with increased lattice dis-
tortioned , and an electronic energy that is related to the openin g of gaps in t he
Fermi surface . By appl ying a pressure there is a stiffening of the lattice and a re-
sulting increase in the strain energy; to offset this increase one must lower the tem-
perature in order to have a larger gain in electronic energy. So when applying
pressure , one will see the critical temperature decrease, and the effect of charge-
density waves would become smaller.

ARTHUR RE I S (Argonne National Laboratory, Argonne. Ill .): For the pyridine-
deficient TaS2 complex , why do you get one layer being filled up, with two layers
of TaS2 between , and not a random distribution?

GAMBLE: It costs energy to open up a layer , so you are goi ng to open up as few
as possible to get these complexes formed. Second, after you have complexed one
side of the layer , it probably makes the other side somewhat less attractive for the
same kind of interaction; therefore , the molecules will skip over and they will take
on a virgin layer.

PETER DAY: In the chromocene compound that you referred to as para-
magnetic, is there a transition to a ferromagnetic or antiferromagnetic order at
any accessible temperature?

GAMBLE: There is an antiferromagnetic Weiss constant of 7.YK. We have not
seen any indication of ordering down to 0.5 K. One of the things that we did was
look for reentrant superconductivity, which would possibly happen if there were
ferromagnetic ordering. We did not see that.

ROBERT SOMOANO (Jet Propulsion Laboratory): Besides the intercalation of the
metallic and superconducting Group V layered dichalcogenides (e.g., NbSe2 and
laS2) with Lewis bases yielding superconducting compounds with transition tem-
peratures either higher or lower than the starting compounds, one may also inter-
calate the semiconducting Group VI layered dichalcogenides (e.g. M0S2) not
with Lewis bases, but with alkali and alkaline earth metals . The resulting inter-
calation compounds are metallic and superconducting with relatively high transi-
tion temperatures (e.g. T~ —7 K) .
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INTRODUCTION

The 1970s have seen a profound interest develop on the part of chemists and
physicists in the area of magnetic interactions in low-dimensional systems. For
the physicist , this interest developed from a desire to study the validity of models
for magnet ic interaction , which were easier to app ly to one- or two-dimensional
systems than to those which contained interactions in three dimensions. The
chemist viewed this as an opportunity to extend his interest in structural-magnetic
correlations beyond small cluster systems by using structural knowled ge to design
materials with restricted superexchange pathways. Thus a period of intense ac-
tivity has transpired in which strong collaboration between chemists and physicists
has produced some new insi ghts into magnetic interactions in solids. Althoug h
continuing interaction will occur between these two groups , I believe we are
starting to see a divergence of interests: The physicists are becoming increasing ly
more interested in details of ideal systems, while the chemist seeks to extend the
studies to more complex chemical systems. In this paper , which will be neither
ex ha ustive nor com prehen sive , I will try to outline a few of the developments that
have occured in the last several years. Several excel lent reviews have come out in
recent years which should be consulted for more extensive information . 1

Historically, the chemist first became interested in magnetic interactions be-
tween metal ions in the study of dimeric salts , copper acetate being the classic ex-
amp le.2 The evidence for spin-sp in coupling observed from magnetic susceptibility
measurements sparked controversy over direct metal-metal interaction versus
superexehange interactions , which is probabl y not answered to everyone’s satis-
faction even today. The direct correlation between structure and spin-sp in inter-
actions has been clearly demonstrated in recent years by the work of Crawford
et a!.3 on planar bibridged copper binuclear complexes of the type
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in which the exchange coupling 2 J (the energy separation between the sing let and
tri plet states), varies linearly with the Cu—O—Cu angle, changing from ferro-
magnet( < 102 ) to antiferromagne tic(> l02 ) as the angle is increased. Dc Jongh
and Block4 have recently shown theoreticall y and experimentall y a linear relation-
ship between log J and log r in a series of salts containing linear M—F—M
bridges (r — M—M distance). However , the situation gets more complicated
rapidly if the symmetry is lowered or higher spins are encountered. Thus, if the
dimer in (I) is not planar , the linear correlation no longer holds. Countryman
et a!.5 have suggested a li near dependence between J and 4), the dihedral angle
between the O—Cu----O and L— Cu—L planes. We have observed similar effects
in Cu 2 Cl62- bin uclear species (see FIGURE 1) althoug h the correlation is not good
because the Cu—Cl—- Cu angle is also vary ing.6 In Cr 3

~ binuclear species, no cor-
relation between J and structur al para meters is readily apparent.7

Recently Hay et a!.5 have carried out extended HUckle MO calculations of the
exchange coupling, 2 J , for a number of binuclear species, and we have performed
MO calculations on the Cu2Cl62 dimer .9 For the case of bibridged copper(H)
dimers, the orbitals of interest are the symmetric and antisymmetric combinations
of the antibonding d 2 2  orbitals on the two copper ions. Hay ci a!. showed that ,
to a first approximation , the exchange energy was related to the energy separation
between those two MOs, i .e.,

(1)
—

This provides a link between the coupling and the single electron energies, and
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FIGURE 1. Trans Cl—Cu—Cl angle in ACuCI3 salts.
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FIGURE 2. Contributions to the energy of various configurations in copper(ll) dimers.

although this qualitatively agrees with Crawford ci a!.’s experimental results,3

it does not appear obvious that (~.e) 2 should be proportional to the bridging angle.
It is instructive to examine the source of the singlet-triplet splitting in this sys-

tern in somewhat more detail. Labeling the two orbitals as 4) and 
~~~
, three con-

figurations are possible: 4)2, ~ 2, and 4)x . The orbital portion of the triplet state is,
of course, the antisymmetric combination of the 4)~ configuration , 4[ 4) x — x #].
Three singlet states exist , ~ 2, x 2, and ~(Øx + x4) 1. FIGURE 2 qualitatively traces
the variQus contributions to the energy of these states. The singlet rtates all lie
far above the triplet states until configuration interaction (Cl) between the ~ 2 and

~
2 states is taken into account. CI lowers the level of one linear combination of

+ ~~ 2 down to an energy comparable to that of the triplet (at the expense of
the other combination). It is readily apparent that the extent of CI , and thus of the
singlet-triplet energy separation , is not a property of the spin state of the system,
but depends on the spatial portion of the wave functions. When this is generalized
to a many-electron system, it is clear that the energy level spectrum will be very
complex and , in general , will not be adequately represented by the usual Heisen-
berg-Van Vleck spin Hamiltonian

J C —  - 2 J E  ~~~~ (2)

nor by simple modifications to it. Indeed , recent spectroscopic experiments on
Cr3’ binuclear species1° show that inclusion of the so-called “biquadratic” inter-
action, 2J(8, - Sj )2, does not reproduce the observed energy level spectrum even
though it does produce an adequate fit to the magnetic suceptibility data. Thus,
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results of structural-magnetic correlations obtained from thermodynamic data
(such as susceptibility) must be treated with caution because of the approximate
nature of the magnetic models assumed. It should be emphasized , nevertheless ,
that the models remain usefu l because they do take into account the spin prop-
erties of the system correctl y.

SPACE DIMENSIONALITY

The control of the spacial dimensiona lity of a magnetic system generally rests
on concept of the restriction of superexchange pathways throug h the i n trod uction
of large cations and/or bulk y ligands. Thus , for example , if a metal-li gand chain
is effectivel y separated from all its neighbors by organic material , one can be
safely assured of nearl y ideal one-dimensional behavior , with onl y dipolar inter-
actions between chains. However , while it is quite easy structurall y to identif y
such systems, low-dimensional systems exist in which the interactions fortuti lousl y
cancel in certain directions , leading to the desired low dimensionality. An example
of the later is KCuF 3, where the Jahn-Te ller distortion of the Cu 2

~ ions occurs
preferentiall y in the ab plane , leading to one-dimensional behavior, while other
cubic M ’MX 3 structures are 3-d magnets.

One-Dimensional Systems

The classic example of a one-dimensional magnetic system is the hexagonal
salt , [(CH 3)4JMnCl 3 (TMMC). As illustrated in FIGURE 3, this con tai ns
(MnCl 3),, linear chains ~eparated by the tetramethy lammonium ions. Thus , well-
defined superexchange pathways exist along the chains , but the cations block all
but dipolar interactions between the chains. As a consequence, the antiferro-
magnetic intrachain interactions ( J )  yields a maximum the susceptibility near

H

FlouRs 3. A view of ftCH 3)4 Nj MnCI 3 along the ~ 10 direction.

- 0~ - 

- . - .- -
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CLI
CL3 CU

CLZ

FIGuR E 4. A view of ((CH 3 ) 2 NH 2IMnC I 3. Chai ns that run in the c-direction are loosely
connected by hydrogen bonding into corrugated sheets along the a-direction.

70° K , but three-dimensional magnetic ordering does not set in until 0.8’K.~
Because of the exten sive spin correlatio ns above T~, there is very little contribu-
tion from the magnetic entropy to the specific heat at TN .

TMMC Analogs -

The ability to fine-tune the magnetic interactions through manipulation of the
cation , as observed in the Cu 2 Cl62 cluster systems, leads us to seek to prepare
analogs of TMMC. We successively synthesized (CH 3)2 NH 2 MnCI 3 (DMMC),
whose crystal structure is shown in FIGURE 4)2 This low-symmetry (monoclinic)
analog of TMMC again has (MnCI 3),, chains separated from each other by organic
cations. However , in this case the cations hydrogen bond adjacent chains to-
gether into a 2-d network. The magnetic susceptibility (FIGuRE 5) is characteristic
of an antiferromagnetic linear chain. Detailed analysis , however , indicated that x
could not be reproduced by a simple I -d model, but that it was necessary to in-
clude an interchain coupling term , 21/ k — —O.05 in addition to the intrachain
coupling (21/k — — 6.9°). No evidence of long-range order was observed down to
the limit of the temperature range available (1.50 K).

When the trimethy lammonium cation was used, a most intriguing compound
was obtained . This hexagonal material , with stoichiometry [(CH 3)3 NH ) 3 Mn 2 C17,
contains two types of linear chains: TMMC-like (MnCl 3),, chains of face-shared
octahedra and chains of discrete MnCl42 tetrahedra. ’3 As illu strated in FIGURE 6,
these chains are again separa ted by the organic cations, so that the only in ter-
actions between chains arc dipolar. The magnetic susceptibility was interpreted in
terms of independent linear chain systems with exchange parameters of —8.0 cm~~
and 0.2 cm~~, respectively.
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FIGURE 5. Magnetic susceptibility of l(CH 3)2 NH2IMnCI3 from 30K to l3O K with
curves for the Fisher model and the mean field corrected Fisher model .

In spite of the earlier caveat on the perils of correlations of exchange param-
eters with geometry, it is interesting to plot 21 versus the bridging Mn—Cl—Mn
angle in the three salts described above. As seen in FIGURE 7, there is a near linear-
ity , with the expected trend; that is, the coupling becomes more antiferromagnetic
as the angular deviation fro m 90 increases.

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
ç~

. ‘F!~

- ., F iouas 6. A vgew of KCH 3)3 NH J 3 Mn 2CI 7 along the 110 direction. Linear chains of
face-sharing MnC l6 octahedra are separated by MnC I —and (CH 3), NH 4 Ions.
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Linear Chains of Dimers

In the study of a series of dimer copper(II) halides undertaken for a variety of
reasons, we have consistently encountered the existence of magnetic coupling be-
tween adjacent dimers. A mathematical model developed earlier ,’4 consisting of
Heisenberg couplin g within the dimer and Ising coupling between dimers, has
proved capable of account in g for the observed susceptibility behavior very ac-
curately. In this model , the singlet and triplet states of the dimers arc assumed to
be separated by an energy i~E (AE > 0 —, triplet ground state) with adjacent
triplet states interacting by an Ising exchange coupling 21. This model has the
advantage that it reproduces the susceptibility of a dimer system in the limit

C
~~ ~~ I1uu fl1~~u7 p

/

9 78•

,d DMMC

MUC
795 ‘

-6 -7 -8
J/ lt

FIGURE 7. Plot of exchange-coupling parameter vs. average Mn— Cl—Mn bond angle for
TMMC-like salts.

21 —‘ 0 while still giving an accurate analytical description of the susceptibility
in the intermediate coupling regime.

The salt , 4)4AsCuCI3, has been shown to contain isolated Cu2C142 dimers
with a triplet ground state.6 In the course of the EPR investigation of excited states
in the magnetically isolated Cu2C162 dimers in Ø4AsCuCl3, the susceptibility
of ~4AsCuCl2 Br and 4)4AsCuBr3 were investigated)5 Evidently as a result of the
size of the large Br ions, some antiferromagnetic coupling between the ferro-
magnetically coupled dimera was found to exist in the latter salts. The results,
shown in FIGURE 8, clearly indicated the effects both of the stronger ferromagnetic
coupling, AE, (high T behavior) and the weaker antiferromagnetic coupling,
21 (low T behavior). The excellent agreement between theory and experiment ii
also observed.
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1. 16 T ljmi (J =~ )

1 1 2  —j Low I Limit (JoO)

I 08 ,:~ 0—c (c~ As)2 Cu2Br6 t — .~ (c~4As)2Cu2 :’,OL~

° AE~ 42cm~ ~~E’6 3cm~
IO4

\
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High T Limit (J:0) ~~~
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FIGURE 8. Plot of XM T vs. T, showing the experimental points ( )  and theoretical
curves (-) for (Ph4 As)2 Cu 2 Br 4 as well as the experimental points (~ ) and theoretical
curves (---) for (Ph 4 As)2 Cu 2 Br 2 CI 4 . For each salt , the upper line corresponds to the ex-
pected value of kM T at T — 0; the lower lines represent the expected values at T —

The m iddle line in each case is the calculated curve for a linea r chain of dimers (as de-
fined in Equation I) for the values of the parameters listed.

This mod~l has also been to other dimeric salts, such as CuBr 2 • py and
CuCl(OC H 3)py whose-crystal structure and magnetic susceptibility have been de-
termined recently in our laboratory. The former , carrier out by Professor Duane
D. Swank of Pacific Lutheran University, Tacoma, Washi ngton , was in itiated as
part of our study of geometries of copper (II) bromide complexes. The latter was
part of our work on catalytical systems. Both contain nearly planar dimers that
pack to form infinite chains. In the bromide, both intra- and interdimer couplings
are antiferromagnetic with ~ E — 2J — 15 cm~~. In the methoxy salt it is prob-
able that ~ E and 21 are of opposite sign , but because of the interaction of the
two parameters in the least-squares process, accurate estimation of the coupling
is not possible.

Search for the Elusive !-d Spin ~ Ferromagnes

One obvious omission in the current zoo of magnetic systems is the 1-4 spin
~ ferromagnet. Hence we have undertaken , without success, the study of a number ~•
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of compounds where superexchange arguments indicated ferromagnetic interac-
tions might exist.

The structure of the salt , [(C H 3)2 CHNH 3]2 CuCI4, is illustrated in FIGURE
9,16 may be visualized as a ribbon cut out from the 2-d (RNH 3)2 CuCI 4 lattice . In
the latte r , the exchange interaction is ferromagnetic. Unfortunatel y, ~ measure -
ments showed predominate antiferromagentic behavior . Examination of FIGURE 9

shows that two exchange pathways exist: 21 and 21’. The first is similar to that
in the (RNH 3)2 CuCl 4 salts (i .e., interaction is via a Cu-Cl bridge to a square
planar CuC142 ion). The latter is different; the interaction is via a Cu-Cl bridge
to a tetrahedrall y distorted CuCl 42 ion. The Ising model was solved for this
lattice . The fit of the derived equation to the observed data gives 2J / k  2.5 ’

~~~CL-3

CL-8

CL- lU CL—

CL-il cu-i
CL- iL-6 CL-B

CL-3
CL—3

- cL-to
CL—S

CL-It CL-I

cu-s CL-B
C L6 cu-i C L — l i  CU-3

CL-i
0.-S

cL-3
0.-I

cs -a CL IO
0.—I

Cu-s
CL-I CL-il

CL-s CL-ID

• H- FI GURE 9. The structure of Cu(l) ribbon in l(CH3)2CHN H3I2 CuCI4 (green-low tem-
perature phase). Copper(l) from three-unit cells in the < 100 > direction are shown.
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(ferromagnetic) and 2J ’/ k  = —4.8 ° (antiferromagnetic). Taking cognizance of
the relative strength of the two interactions , we may describe the system as ferro-
magentically coupled antiferromagnetic tr imers , yielding to a total antiferro-
magnetic behavior.

The susceptibility of the salt [Cu(terpy)CN)X . H 20 (where X — NO3- and
terpy E terpyridine) has also been studied. ’7 Because of the near linearity of
Cu-CE N Cu interaction , it was reasonable to assume the exchange inter-
action could possibly be ferromagnetic, as in the (RNH 3)2 CuCI 4 salts. The sus-
ceptibi lity data indicated l-d behavior , with the exchange coupling clearl y anti-
ferromagnetic but small (~~ 

~~ 40)~ Since the bridg ing angle, and thus the coupling,
is likel y to be sensitive to steric forces, Professor Mark Wickolas of Western
Washington State College has replaced the N03 ion with other anions. Unfor-
tunatel y, at this point , all such substitutions have resulted in the destruction of the
bridging geometry.

Two-Dimensional Systems~

The systems of interest here are a series of compounds of the type (RNH 3)2 MX 4
or (NH 3 R ’NH 3)MX 4. These salts contain two-dimensional metal-halogen net-
works sandwiched between layers of the organic cations. This insures that no ex-
cha nge coup ling occurs between layers. With octahedral or pseudooctahedral co-
ordination , M—X— M bridges exist between metal atoms , whereas with
tetrahedral coordination , layers of discrete tetrahedral anions exist. The metal-
halogen network of the octahedral salts is illustrated in F I GURE 10.

The magnetic behavior of a number of the octahedral salts (principly Cu 2
~ and

Mn 2
~ ) have been studied in detail. However , very little is known about the mag-

FIGURE 10. Metal-halogen framework in (RNH 3)2 MX 4 salts.
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TABLE I
SYNTHESIS OF ( R N H 3)2 MX 4 SALTS

Cr Mn Fe Co Ni Cu Zn Cd Pd
Cl 0 0 0 T 0 0 T 0 0
Br 0 0 D T — 0 — 0 —

— — — — — D — — —

~O indicates octahedral or distorted octahedral coordination geometry; — indicates no

attempt made yet; D indicates decomposition; and I indicates tetrahedral coordination
• geometry.

netic coupling in the tetrahedral salts. Since the exchange coupling will proceed
via interionic Cl. . CI contacts, these ma y behave as l-d rather than 2-d systems,
as, indeed , some of our preliminary EPR work on the Co2

~ salts indicate. We
expect , in general , however , these compounds to be accurate model systems with
which to study the nature of magnetic interactions in two-dimensions.

Synthesis and Crystal Structure Analysis

The metal-halogen systems that have been investigated are tabulated in
TABLE I . The technique for preparing the Ni2 salts has been worked out by Dr .
Ferraro of Argonne National Laboratory; ’8 Professor Peter Day has developed
the synthesis of the Cr 2

~ salts. ’9 The structure of (C, H7 NH 3 )2 ZnCI4 has been de-
termined by Professor Kenneth Emerson (as well as that of the CH 3NH ,~ salt).~

The crystal structure of a number of new salts has been determined in this
laboratory in the last year or two. These have included two diamagnetic salts . 

‘~

that are potential host lattices for single-ion EPR studies. The structure of
(C,H6 N 2 H 6)CdC l4 is isostructural with the corresponding Mn 2

~ and Fe2 ’ salts,
• except that the cation is not disordered. -The structUre of (C3 H 7 NH ,)2 PdCI4 is

closely related to the analogous Cu2
~ salts. Each square planar PdC142 ion has

Cl from neighboring PdCl42 iofls occupying the axial sites at approximately
3.2A. The propylammonium ion is severely disordered , as is also frequentl y the
case in the Cu2

~ salts. - -

Mutual Inductance Susceptibility Studies

A series of magnetic susceptibility studies has been carried out on a wide variety
of (RNH ,)2 MnCI4 salts by the mutal-inductance technique. This has the ad-
vantage over typical high-field techniques (such as the Gouy and Faraday
methods) in that the measurement occurs at essentially zero field. This means that
any spin canting (weak ferromagnetism) present in the system is not destroyed by
the measurement process. The significance of this is dramatically illustrated in
FIGURE 11, which shows the high-field susceptibility of a single crystal of

• MA,MnCI42’ and Fioua~ 12, which shows the low-field susceptibility of a
powder speciman of the same salt.22 In the high field study, the onset of three-
dimensional ordering is poorly defined, but with the mutual-inductance technique,
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FIGURE I I .  High-field susceptibility of MA 2 MnCI 4 .
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FIGURE 12. Zero-field susceptibility of MA 2 MnCI4.
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the Néel temperature is clearly defined. In addition to this advantage, analysis of
the data in the region of the transition temperature yields important information
about the critical behavior of the system not attainable from the hig h-field mea-
surements.

Role of Interp lanar Spacing. In order to assess the role of interplanar inter-
actions on the Ned temperature, measurements were made of a series of
(RNH 3)2 MnCl4 salts, including R = CH ,, C,H 7, and C,5 H ,,,2’ as well as

• (NH ,R’NH ,)MnCl 4 with R’ = C3 H6 and C2 H4 NH 2C2 H4. This demonstrated
that TN was essentially independent of the interplanar spacing. Thus , the aniso-

.02 -

X M .01 -

_ _

_
_ _~~~~~~~~~~~~~~~ _ _ _  

- ,

X t,

00 10 -20 - 30 40 50
T

- - FIGURE 13. Single.crystal magnetic susceptibility of(C,H 7 NH ,)2 MnCI 4. X , is suscepti-
bility perpendicular to the layer; X~ is susceptibility parallel to di rection of tilt of the octa-
hedra.

tropy that drives the 2-d system into the ordered state must be a characteristic of
the layer structure itself.

Single-Crystal Study of Spin-Canting. The magnetic susceptibility of single
crystals of (C,H,NH 3)2 MnCl4 was measured.24 The results are shown in

• FIGURES 13 and 14. The spike in ~ and x~ confirms the presence of spin canting
in that direction. The maximum in the dispersive component (k ’) gives TN ,  the
temperature of the onset of spontaneous magnetization. The maximum in the ab-
sorptive component (x ”) gives the temperature at which the width of the hysteresis
loop becomes comparable to the applied ac field (—20 gauss). From the data , it is

- 
___ 

_ _ _

- - --- --~~-- . .
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seen that the direction of spin canting is the same as the direction of the tilt of the
octahedra . Thus , the spin orientation is tied to the lattice via spin orbit coupling.
The cause of the continued rise of ~ and T is lowered is not known.

Attempts to measure the bulk moments of the canted antiferromagnetic phase
have not been successful. This may be due to a net cancellation between adjacent
layers or to domain formation. It should be noted that a bulk moment was ob-
served for (NH ,C3 H6 NH ,)MnCI 4.25 Both from our mutual inductance studies
and from the bulk moment reported by Losee a a!. , the canting angle can be

. 12 -

.10

.08 -

X M .06 -

• 

X~~~X C

• /
- 

C i i
38 

~~
‘° T~ 

40

I
FIGURE 14. X’ and X” near T~ for (C3 H 7 NH 3)2 MnCI 4. Note X” peaks about 0.2° below

T~.

estimated to be only 0.05’! Thus, the extent of canting is miniscule , as is not un-
reasonable for Mn 2

~ salts.
Role of Bulk of Organic Cation. Since the tilt of the McCI6 octahedra is caused

by hydrogen bonding of the cation to the chloride ions, it was reasonably felt that
the nature of the magnetic interaction could be influenced by changing the strength
of the hydrogen bonding. One way of accomplishing this would be through steric
effects by changing the bulk of the cations. This assumption was substantiated by

-
~ ~ -~~*: results on the Fe2

~ system, where the R — CH, salt ordered at 96K , while the
R — ~CH, group ordered at 701K m - 

. -

—- - . - - .-- —- --~~~ - __________
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Consequently, ~ measurements were initiated on Mn 2
~ salt with R = ~~CH 2

obtained from crystallization from aqueous solution , which were subsequently
shown to be crystals of (~CH 2 NH ,)2 MnCl 4 . 1120. This sal t conta in s tetrahed ral
MnC 142 ions packed together in a two-dimensional array. The salt shows anti-
ferromagnetic Curi-Weiss behavior at hig h temperature (0 — 90°) with positive
deviation from Curie-Weiss behavior at low T. Significantl y, no spike in the sus-
ceptibility characteri st ic of spi n can t in g was observed , as expected with the com-
pound isostructural with (C3 H 7 NH ,)2 ZnCl 4. In that structure , adjacent metal
ions are related by centers of inversion. We see that signi fican t exchange in terac-
tion occu rs in the tet rahedral salts as well as in the octahedral salts .

Finally, it should be noted that this series can be extended to other anions
other than halides . Thus, we have j ust syn thesized and chara cterized the two-
dimensional magnetic system, (~CH 2 NH ,)2 Cu(ox)2 . This salt contains planar

fl 

Cu(ox)22 ions, with one of the noncoordinati ng oxygen atoms on each ox alate
br idging to adjacent copper ions.

SPIN DIMENSIONALITY

One of the major developments in magnetochemistry recently has been the
recognition that the spin-dimensiona lity can be structurall y con tro l led as well as
the space-dimensionality. Thus, i f we write the symm etric pa rt of the magnetic

-
- spin Hamiltonian as

= —E  (2J ~S~’SJ + 2J ~S~’SI + 2J ~S~S1) (3)
i<1

three limiting cases are generally recognized:

a) Heisenberg 3C = —21 S~~
. S1 (3*)

i<1

b) XV 3C - —2J E (S X’S X’ + Sy~S),i)  (3b)
i<1

c) Ising 3C— —2 1 E ( S/ SJ )  (3c)
‘<I —

with spin dimensiona litics 3, 2, and 1, respectively. Since different magnetic be-
3 havior is predicted for each of these three models, it is of interest to be able to

• systematically synthesize salts which approximate each of these limiting cases.
The question is how to relate J — (J~~J~ J7) to structural properties of the
systems of interest. In particular , it is of interest to synthesize systems which be-
have as XV magnets, since very few have been characterized in the past.

We recognize that the spin Hamiltonian is only an artificial representation of
the physically real interactions, introduced for computational convenience. Thus ,
the interaction of interest is not the spin-spin interaction , but the interaction be-
tween the magnetic moments. This is given by

— —2 1~i’l~j . (4)
‘<1

_  ----- -  -- -- -- -- .  - - -

-
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But we can write , in the usual manner , that ~~ = p8g1S6 . If the princi pal axes
of the g tensors are all parallel , we see that for the x co’mponen t

— 2~l~~’uJ = — ~~~~~~~~~~~~
or 2J ~ = ~~~~~~~~~~~~~ (5 a)

and similarl y

2J ~ = 2~l~.i~
2g,2 (Sb)

2J ~ = 2c~Jti~
2g~

2. (Sc)
Thus , it is possible to predict the relative magnetude of the components of J if the
si ngle io n g tensor is k now n. For Mn 2

~, with its isotropic g tensor , a Heisen berg
model is clearl y predicted to be app licable . On the other hand , the Cu 2

~ ion in its
usual Jah n-Teller distorted confi guration has g1 > g1, and an I sing type a n-
isotropy is expected in the sp i n H am iltonian , i.e., J ~ > J ~’ J ,,.

This argument has recently been used successfull y by Car lin to predict the spi n
dimensionali ty of the l-d antiferromagnet , Cs2 CoCI 4. 21 For this salt , g1/g 1 — 2,
so i t should be a n XV magnet with J~/ J ~ 

— 4. In a beautifu l series of heat-
capacity studies on Cs2( Co, Zn)Cl 4 samples in the range 0. 1— I .0° K , they showed
that the magnet ic heat capacity agreed quite accuratel y with that predicted for an
X V  magnet with that degree of anisotropy. We have used the same arguments to
predict t l~e behavior of the system [(Cl-l 3) 3 NH~3(Cd , Co) 2Cl 7. This is iso-
morp hous with the corresponding Mn salt , and the Co2

~ ions preferentially oc-
cupy ing the tetrahedral sites . Again , the ratio ofg 1/g 1 — 2, and X V  behavior is
predicted. This has been confirmed by recent heat -capacity measurements .

For (RNH 3)2 CuCl 4 salts , the sit uation is somewhat di fferent . The fo ur fold
axes of the CuC142 lie alter n atel y in the crystallog raphic [110 1 and [Tb ] direc-
tions (i.e., at 90° to each other in the two-dimensional layer). Thus , J ~ = =

JJ,Qg1g1 while J ~ = ~l~z~
2g12. Since gp / g 1 — 1. 1 , a small (l0°/~) X V  anisot-

ropy is anticipated. This has been observed in recent experimental studies .28
lithe g-tensors are not paral lel , cross products occur when (4) is expressed in

terms of the spin operators. This leads to antisy mm et r ic exchange ter m s in the spin
Hamiltonian ,

JCintiiym — D . S 1 )~ S~.
‘<1

This is one of several possible mecha n isms leadi ng to the phenomena of spin
canting and weak ferromagnetism.
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DiscussIoN

ZOLTAN SooS: In your suggestion that we should take these anisotrop ic ex-
change parameters as proportional to (~ g) 2 , do you feel that there must be many
cases where this does not work and where the exchange parameters are much
larger?

WILLETT : I will not guarantee that it will work in every case, but in the two-
dimensional copper salts you have a small xy anisotrophy and can use this argu-
ment. Also, you can use this argument to predict the sign of the zero field splitting
in copper dimers and the right prediction is obtained . So it works in a variety of
cases.

Soos: That formulation is a very usefu l one and I think people have been using
it quite generally, but I think the justification of it is only for rather restricted cases
involving S — 4 and other nice spin-orbit coupling systems.
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INTRODUCTION -

Over the past decade there has been considerable interest in the physics and
chemistry of materials that exhibit highl y anisotropic properties . 1 The crystals
the mselves are, of course , three-dimensional , but in some cases the atom ic or
molecular arrangement is such that the electrons are constrained to move prefer-
entially in only one or two directions , and it is in this sense that the systems may
be described as having reduced dimensionality. As we shall see in the following

• pages, this reduced dimensionali ty has some unusual consequences which are
responsible for the present excitement in this field.

One-dimensional metals are , for examp le, in t r i n sicall y unstable against the for-
mation at low temperatures of a variety of distorted states. They may become
magnetic or nonmagnetic insulators , or possibly even superconductors. The in-
stabilities a rise from the response of the system to weak perturbations. As the
temperature is lowered , we Will find that the response “blows up. ” On the other
ha nd, we shall see that t ru ly one-dimensional systems cannot undergo phase
transitions at any temperature above absolute zero. It is this apparent contradic-
tion , that the system is unstable against a distortion but cannot distort , th at makes
these studies fascinating. The resolution of the problem finall y lies in the actual
three-dimensional nature  of the crystals.

I n additio n , one-dimensional systems are interesting because some calculations
that can be done on l~ appro x im ately in three dimensions can be done exactly in
one dimension. Probabl y most important , there is a general feeling that it is po-
tentiall y easier to use the apparatus of organic chemistry to synthesize properties
that we want in one-dimensional compounds than in three-dimensional corn-
pounds.

INSTABILITIES

When we talk about a system being unstable we mean that a small perturbation
will evoke a large response. If we consider a system that contains many electrons
in equilibrium and we then slightly change the potential they experience, the
result will be a change in the electron wave functions and hence a change in the
electron density. We will characterize the density change by a response function
X ,2 which gives the proportion ality between the amplitude of a periodic poten-

• Research supported by the National Science Foundation under grant DM R 76-83421
and ONR under grant N000l 4-76-C-b078. Manuscript received June 13, 1977.
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tial V(r ) and the amplitude of the density change

öp( r) — X, V(r) . (1)

Xq is called a linear response function , and it depends on how rapidl y the p0-
tentia l is varying in space through the wave vector q (which is just 2r/A , A being
the wavelength or period). In FIGURE I we have illustrated the effect of an attractive
interaction of the form V(r ) — V0 cos q r. In the absence of this potential ,
the initi al electron density is uniform. The potential is applied and the electrons
move to regions where the attraction is large and away from regions where it is
small or repulsive. The difference between the initial and final electron density is
the response to the potential and has the same spatial dependence as the app lied
potential.

________________________ Initial density

V( r):V0 cos~~.i

V (r) 
v.~çs . 

~~~~~~~~~~~ 
Periodic potential

Density in presence
p (r ) of potential

- 8p(r):X (q) V0 cos ~.r D response to
8p(r} 

~~~~ 
~~~~~~~~~~~~~~ periodic potential

FIGURE I . Density responie of a uniformly dense electron gas in the presence of a
periodic potential of wave vector q and amplitude V0.

To place these abstract ideas on more realistic grounds , we note that the
energy of an electron with spin up in a magnetic field H is — M0 H , whereas that
of an electron with spin down is + g~ H , where ~~ is the magnetic moment of
the electron. The total magnetic moment of a collection of electrons is the number
with up spins times ~~plus the number of down spins times —~i0 or

M~~~p~(p~ — p l r ). (2)

Without a magnetic field , the number up and down are equal so that M — 0.
If we put on a magnetic field that varies with position we have

op - I — X, (—MO H )  and Op t  — X,(~soH )
— -

~~~~~ M — p o(6p t — Op ~ ) 2g~o
2 X~H. (3)

The ratio of M to H is the magnetic susceptibility, and we find it equal to

--- - - — - - - - - .,- - - - - - ---—— - - — — —— - •- -—  —u----v - — - - 

_
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2~~
2 X q. If Xq diverges (goes to infini ty) for some value of q, the n we have

some problem in understanding Equation 3. It does not mean that a small mag-
netic field will give us an infinite total magnetic moment. Rather , it implies that
with no magnetic field we have a finite total moment. For insta nce, if X, —. 

~~ for
q —‘ 0 (which corresponds to very long wavelength or a uniform magnetic field),
then we have a uniform magnetic moment with no applied field , and th is is the
familiar case of a ferromagnet. If X q —‘~ oo for some other q, then the magnetic mo-
ment varies with position and we have an antiferromagnet.

I f we look , in stead , at an electr ic fi eld , the energy of an electron is just its
charge e times the potential ~~. The total charge distribution Q in a meta l is e times
the electron density p plus the positive charge of the ions in the background.
With no electric field Q — 0.

X ( q )

x (q ) 3 d  (Free electron)

- 

N(EF)

FIGURE 2. The response function or Lindhar d function for a one-dimensional and three-
di mensional electron gas. The solid lines arc for zero -temperature; the dashed lines repre sent
nonzero temperature . 

-

Putting on a spatially varying electric field we have
OQ — eOp — eX ,eØ — e2 X~*. ( 4)

If for some value of q, X, —. oc the system is unstable against the formation of a
periodic charge density . To make further connection with electromagnetic theory ,
we note that a charge density itself produces a potential according to Maxwell’s
Equations , so that

V
2
(*1) — — 4ireOp (5)

and using this expression we can relate the dielectric constant s(q) to our response
function

s(q) — 1 + !.!f x ,. (ö)
q

---

~ 

- -- —- - -  - ~~~~-~~--~~~~ ~~~~~~~~~~~~~~~~~~~ --
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Naturally, the reason we are going throug h all of this is that X q does dive rge
for the one-dimensional systems in which we are interested. The actual form of X q
for electrons in a metal is known as the Lindhard function and is given by: 3

f (k ) -.- f (k + q) 7
k 

( )

Here we are summing over the different values of wave vectors k (or momen-
tum ~k) for the electron. f ( k )  is the Fermi-Dirac distribution function (and

• contains the in teresti ng temperature dependence), and e~ is the energy of the
electron with momentum-Ilk.

• The Lindhard function is sketched as a function of q for one- and three-
di mension al cases in FIGURE 2. For one di mension there is a peak at a val ue of q
equal to twice the Fermi wave vector. This peak increases as temperature is
lowered, divergi ng loga r ith m icall y as T —‘ 0. For three dimensions there is no
such peak. Understanding the origin of this peak is then essential to our study.

In order to proceed , we must remember a few simple results of quantum
mecha n ics and what we have lea rned about electrons i n metals . In the simp lest
case we can view the electrons in a metal as being “free,” so that thei r on ly
energy is kinetic. The wave fu nctio ns are then

= elkr (8)

and the energies are
2 112k2

(9)
2m 2m

We now apply a periodic potential of the form V(r ) — V0 cos q r. This
perturbation will couple electrons whose wave vectors differ by q.The wave func-
tions for the electrons ~‘k will then be a combination of the original plane waves
~~ plus a little bit of the plane wave which is mixed in by the perturbation 4

0k + 
<0k+g I J’fr ) l 0 k > 4~k+ g (10)

—

This is very similar to what happens when musical notes are mixed. We obtain
additional tones at the sum and differe nce of the original tones. In our case only
one of the additional frequencies is important. The amount of the mixing depends
on how strongly the two wave functions are coupled, divided by the original energy
difference between the wave functions. This is known as Perturbation Theory in
physics and as “configuration interaction ” in chemistry. The density change this
brings about is just the density with the perturbation minus the original density

p — 1# 2 1 — 1 * 12  0 cosq .r .  (11)

As expected, we find that the density change is proportional to the applied
periodic potential. If we want to know how the energies of the electron change,
the general result is that the energies are pushed apart by the interaction that
couples them. The additional splitting is equal to the coupling squared divided
again by the energy difference .

. -— •- -  - . - - - --- -. -- - - - - - - -~~~~~~~ -~~~~- -~~~~~~~~~~~~~~~ -—--~~- --~~~-.- -— ~—~~~~~-
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2nd order perturbation theory Degenerate perturbation theory

I ______ 1’
E~~ Et.1 

__
r1v0 ’

~

___ 
aE11~

~_ _ _ _

t I °
_ _ _• c~

a b
FIGURE 3. The results of quantum mechanical perturbation theory . a: In second-order

perturbation theory , energy levels that are coupled by the perturbation repel. b: If states
with the same energy are coupled , they are split by the coupling energy .

t ‘0

~
k Ek+q

V 2
0 — 6~k~ 

( 12)
Ck+q —

This is i ll ustra ted in FIGURE 3a. Now if the states that are coupled have the
same energy, the energy denominator goes to zero and the expressions in (10)—(13)
diverge. This seems to give us the result we are looking for , but unfortunately it is
not correct. Equations 10—13 are valid only if the denominator is much larger
than the numerator. In fact , the largest the ratio Vo/ (s *+q — •~

) can legitimately
get is unity. This, in fact , is the result of the degenerate perturbation theory we

- ;  must use. When we couple states with the same energy, they are split by the
coupling as illustrated in FIGURE 3b. This, of course, is the origin of the “bonding
and antibondiñg orbitals” which occur throughout organic chemistry. 4

The electrons that have the same energy and are coupled by V(r ) are those
with k — —q/ 2 and k + q — q/ 2. The wave function for the lower energ~- state
is then

+ ~~_iq .r/2 q . r
-‘ VYCOS —

Op — cosq.r. (13)

Note that the density change has the same spatial dependence as V(r), but
there is not any dependence on how big the perturbation is (i.e., V0 does not ap-
pear in (13)). Thus , for an infinitesimal perturbation we get a finite response. As
advertised , this is the true meaning of a divergent response function. If the states
q/ 2 and —q/ 2 were both filled (with two electrons each), we would have no effect,
because both bonding and antibonding orbits would be filled after the perturba-
tion is applied . Similarly, if both are empty we have no effect. The cases of interest
are states that are partially but not completely filled with electrons. Let us see how
the states are occupied in a metal.

-
~ - 

-

- 
In FlouR! 4a we see the situation for a three-dimensional meta l at low tam-

~~~
-

. L. a

~ 
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peratures. The states with low kinetic energy are filled until we have accounted for
all of the elect rons in the metal . The mome n tu m of the last electro n added is
called the Fermi momentum k,, and its energy, the Fermi energy e~ . States
with I k I < k, are filled, and those above are empty. 5 For a particular value of q
there are just two states that are connected by q which have the same energy and
are partially filled (i.e., lie on the surface of constant ~~~~ called the Fermi surface).
Slightl y differen t val ues of q will couple other states and give a den sit y cha nge
wit h a different periodicity. Adding random periodicities results in no net contri-
bution to the charge density.

By con st rast, we look at the situation for a one-dimensional metal (FIGURE 4b).
In one dimension the energy is determined solely by the momentum in one direc-
tion; call it p,~ — ~~~ All k states are occup ied up to I k~, I = k1. For any particu-
lar val ue of q, the states connected do not lie on the Fermi surface. However , for
q — 2k, there are many states that are connected by q and lie on the Fermi -
surface , which in this case is j ust two paral lel pla nes at k~ —k F and k~ — k,.
The diffe rence between one an d th ree dim ensions merely l ies i n the sha pe of the
Fermi surface.

From these illustrations it is clear that the divergence we are looking for
comes from having a plane of degeneracy, i .e., a vecto r q, whic h will bring part of
the Fermi surface into coincidence with another part. If one part of the Fermi
surface fits into another part in this way, we say the Ferm i surf ace “nests.” We w ill
always have Fermi surface “nesting” in one dimension , since the Fermi surface is
a set of parallel planes. Sometimes we can have a similar occurrence in two or three
dimensions. As we have seen, the free electron approximation is not always
applicable. For example, if we have a three-dimensional metal described by tight
binding bands the electron energies are given by:

— 2r~ cos k~a + 2r~ cos k,,b + 2r ~ cos ~~ (14)

3 dimensions 1 dimension

~~~~~~~~~~~~~ ~~~—Deqenerate states ..
~,J ~p, 

~~~
~~~~~~~~~~ 

_ _ _ _  
_ _

$ 
q:2lc~

- 
b

Fioua~ 4. The Fermi surf aces of a f ree electron gas. a: For three dimensions all states
with I I <k , arc occupied. For a given perturbation of wave vector q only two equal
energy states on the Fermi surfac e arc coupled . b: For one dimension all states with
I k~ I <k, are occupied. A perturbation of wave vector q — 2k, couples a set of
planes of degenerate states on the Fermi surface .

a-

_ _ _ _  _ —  - _ _

_ _ _  - .  -
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rx :r y:T z Tx~~ry
iT 7T 1Tn~ ~~~~~~~~~~~‘ a b c

FIGURE 5. For a three-dimensional Fermi surface reg ions may “nest.’ For tight binding
bands with-  one electron per unit cell the wavevector q = (f / a 1 ,  f / b 1 ,  f / c)  always brings
one part of the Fermi surface into juxtaposition with another part.

• where the i’s are overlap integrals in each direction and a, b, and c are the unit cell
parameters. The Fermi surfaces are shown in FIGURE 5 for a situation with one
electron per u nit cell. In this circumstance a wave vector q — (f / a , f / b , f / c)
will bring one part of the Fermi surface into coincidence with another part , and the
respon se function will dive rge for thi s value of q6

~” We will see how these consid-
erations affect the properties of transition metal sulfides , in the following paper.

KOHN ANOMALY

We would now like to investi gate the ki nd of instabilities that result from the
dive rgence of the response fun ctio n. U p to this poi nt we have neglected the ions
th at make up the crystal in order to study the elect rons. Suppose that the ions
have a periodic disp t acement from their equilibrium position , which has periodic-

Initial Configuration

~~~~~~~~~~~~~~ :~~~
9e

Lth mn -‘1 a~~-
After periodic displacement

~~~~~~~~~~~~~~~~~~~~~~~~~ Charge density

/ Xq, g U~• • • • ‘$ With displacement
4-u1 I’-2,r/q---1

FIGuRE 6. If the ions in a crystal are periodically displaced , the electrons respond by
setting up a charge density wave. -

• . .



V
Chaikin: Physics of Low-Dimensional Systems 135

ity q and amplitude U,,. This is illustrate d in FIGU RE 6.

U, U,, cos q - r 1. ( 15)

Here U, is the displacement of the ion at position r, from its equilibrium
position. Since the ions are cha rged, the displacemen t creates a per iodic elect ro-
static potential on the electrons , w h ich we wr ite as:

V(r) — gU,, C05 q . r .  (16)

g is a constant that re lates the ion displacement to the electron potential and
depends on the charge distribution on the ion.

The electrons will respond to this potential according to the X,, we have j ust
developed

Op — X,V(r) — X~gU,,cos q~ r. (17)

The electron cha rge density bu ilds up in the region of positive cha rge created
by the ions. The negative electrons in turn prod uce a fo rce on the ions which tends

CII
FIGURE 7. The solid line represents the //

natural frequencies of the lattice vibra- ,,
~~ 

~
‘S’~

tions of a crystal. The dashed lines repre- ‘~‘/isent the lowering of the frequency of the - \ ~j i
latti ce vibration at q — 2k, caused by the “ /
response of the electrons , known as the
Kohn anomaly . As temperature is low- Iered the frequency is lowered. ir/q

to disp lace them further. The f~tce in the direction of the original displacement
uses the same proportionality constant g as for the force of the ions on the
electrons.

F — g O p . (18)

The magnitude of the force is then: 
-

F — g 2 X ,,U,. (19)

The periodic displacement of the ions is opposed by the elastic forces that hold
the ions in place . The óquation of motion for the displacements is usually written

d2 U (20)
dv 2

where M is the ion mass and K, is the restoring force. This is just a complicated
way of writing ma — F for -a simple harmonic oscillator. I f we assume that the

- 

- displacements will vary sinusoidally with time, the freq uency of oscillation

_ _  __ - - —- -~~~~--- -~~--~~~~~~~~~~~ - - - — - - - - - -  ________ .__ __ t _____

- - - - - -
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w0(q) is given by

— Mw 02(q )U , — —K,,U,,
w0( q) — ‘%/E / M .  - (21)

This equation gives the freq uency as a fun ction of wave vector for the lattice
vib ratio ns of a solid .7 I t is shown schematica ll y as the soli d line in FiGURE 7.
The dependence on q comes from the fact that if the crystal as a whole is displaced
there is no restoring force (q — 0), while i f nearest neighbors ions (q — f/a)
are moved in opposite di rections, the restoring force is a maximum.

We now add in the force due to the electronic response.

—Mw 2 (q) U, — (—K(q) + g 2 X,,) U,,

~~
2( ). ~~~~~~!!_ 2~~~~f

Al M
w2 (q) — ca,02(q)  — g 2 

~~~~~~

. (22)

• The lattice vibration frequencies are lowered by the interaction with the elec-
trons. For a one-dimensional metal we have seen that X,, for q — 2 k, dive rges as
temperat ure is lowered. The frequency of thi s mode then decreases and goes to
zero for some temperature above T — 0. This is illustrated by the dotted lines
in FIGURE 7. -

The energy needed to create a periodic lattice displacement is hw. If
w(q — 2k,) — 0, then a displacement at this period costs no energy and lasts
forever (its frequency is zero), which implies a lattice distortion or crystal struc-
ture change.

We have therefore shown that a one-dimensional metal is unstable at some
nonzero temperature against a crystal structure change with new periodicity of
q — 2k ,.

Experimental ly, this “softening ” of the lattice vibration frequency at 2 k, has

1A
’
~

E2 
óE1: 

~~~~~

~~~~~~~~~~ 
,,
,/1 1 -a’ ~E2 :-V0

0 q/2 t—
Is I ‘I

FIGURE 8. The solid line is the energy vs. wave vector (or momentum) of electrons in a
metal. The arrows indicate the energy shifts when a periodic potential of wave vector q is
applied.

- —I
4 - , -

~ 

- —---- -- _- ----- - - - -  - -~~~ -~~~~~~-- --



Chaikin: Physics of Low-Dimensional Systems 137

_ _ _

-• 

- q/2 q/2
FIGURE 9. The solid lines are the energy vs. wavevector of electrons in a metal after a

potential of the form V0 cos q r has been app lied. Note the energy gap at k — q/2.
The shaded area is the lowering of the energy ~~perienccd by the electrons with I k I < q/ 2 .

been seen in severa l systems, which you will read about in this volume. The effect
was first predicted by Kohn and is known as a Kohn anomal y.8

Unfortunatel y, our treatment so far does not tell us what happens afte r the
distortion occurs. To see that , we return to look at the electrons , using a descrip-
tion first presented by Peierls.9

PEIERL’S TRANSITION

In FIGURE 8 we have sketched the energy versus wave-vector relationship for -

electrons in a metal. In the presence of a periodic potential V0 cos q . r, the
states k and k ~ q are mixed. As we have seen in FIGURE 3, the energy levels repel
one another and the shifts are given by (12). Of course, the shift can never exceed
the result that we found in the degenerate limit. If we look at a level with
momentum k as shown in FIGURE 8, it mixes with k—q. The energy corresponding
to k is lowered below its unperturbed value, while the energy of k-q is increased.
As k increases toward q/ 2 the energy is lowered even more as the energy difference
between k and k—q is getting smaller. The maximum energy lowering occurs when
k — q/ 2 and the shift is V0. Correspondingly, k-q is shifted up by V0.

The energy vs. k after the potential has been added is shown in FIGURE 9.
There is now a region in which no allowed energies are to be found, i.e., an energy
gap. Note that all states with I k < q/ 2 have lower energy than previously. If
k, — q/ 2 , then the states filled with electrons have lower energy, whereas the
states that have higher energy are empty and thus do not contribute anything. The
amount of electronic energy gained is represented by the shaded area in FIGuRE 9. 

-

_ _  _  - -  - —-  
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This elect ron ic energy lowering may be di rectly calculated and is equal to

— _~~~~ N(E F) V0
2 (L2 + ~~ (~.!_~)) (23)

where ~ is the Fermi energy and N( E ,) is the density of states (num ber of
electrons that had energy f)  before the perturbation was applied.

If the periodic potential is caused by a lattice displacement

V0 — g U,,. (24)

The elastic energy lost in causi ng th is displacemen t is

EL = ~Kq Ug2 (25)
as work is done against the restoring force of the ions.

1-dim 2-dim
+ It

• 

_ _  __

q :24 ç~ . q:2k~
a b

FIGURE 10. The electrons effected by the periodic potential 1~
’o cos q r are repre-

sented by the shaded area in a and b . The fraction of electrons effected is larger in one di-
mension (a), than in two dimensions (b).

The tota l energy change in distorting the lattice and opening the energy gap is:

E — EL + E, — K, U,2 — N( e ,)g 2 U,2 (
~ 

+ ~ n (-~~f)). 
(26)

For small distortions the logarithmic term dominates as when U, 0
,~,n(2e ,/gU,) —‘ 

~~~~. The total system always has lower energy with a small distor- -

tion. The total energy is at a minimum when

gU ,, — V0 — 2eF exP
[g2~~~~)]. (27)

So we have calculated the amplitude of the displacements and the size of the
energy gap.

- - We might expect this energy lowering and distortion from any metal. Why is
It a one-dimensional effect” The only electrons affected by the distortion are those

— — • — -  - — --  
~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~ 
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connected by the wave vector q and within an energy range V0 of the Fermi
energy. (This last statement is clear when we look at the energies in FIG URE 9).
For one di mension the electro ns aff ected lie in the shaded area i n FIGURE l 0a . Th is
fraction of electrons is ~~~~~ Each elect ron i n this region has its energy lowered .
Those which were at e~ are lowered by V0, those which were at ~F — V0 are
lowered on ly slightly . The average energy lowering is then V0/2. For one-dimen-
sion the total loweri n g is the n umbe r of electrons affected ti mes th ei r average
energy gain or:

V 2
I dim ~~~ _L • (28)

In two dime nsions the fr action of elect rons aff ected by the open i ng of the gap is
just the shaded slice in FIGURE lOb. The fraction of electrons affected is then
approximatel y (V02/ , )  and the average energy gain is V0/ 2. For two dimensions
the total loweri ng is then

2 dim t~E, — 
~~~~~~~ 

(29)

If we performed the calculation more correctly we would have a logarithmic
factor , as in (16). The elastic energy is the same for one or two dimensions. The
total energy change upon undergoing a distortio n is then

I dim z~E = A V o2 _ B Vo2 .tn (~~
)

2 dim i~E = A V~
2 - BV03 R,n (L~~). (30)

For small values of V0 the second term in the two-dimensional case is smaller
than the first , since V0 ~n (E1/ V0) goes to zero as V0 goes to zero .

We must remember , however , that if the Ferm i su rface “nests” in two or three
dimensions, the situatio n looks very much like the one-dimensional cases. In f~*ct , -

when Peierls did his original calculation of this effect it was largel y to exp lain
wh y all metal s were n ot in close packed stru ctur e. The poin t is that a disto r tio n
is always favorable in one dimension and is sometimes favorable in two or three
di mensions.

It is also noteworthy that the development of a gap at the Fermi surface of a
one-dimensional metal will impede its conductivity (with some exceptions), and we
therefore expect a metal insulator transition. .

PHA SE T R A N SI T !O N S

We have found that a metallic one-dimensional chain that would have a uni-
• form charge density at high temperatures (FIGURE I I  a) is unstable against the

formation of a distorted lattice and associated charge-density wave at low tern-
perature (FIGURE lib). This process may be regarded in simple chemical terms.
When the ions distort from a uniform arrangement the charge density accumulates

_  
• _-
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a Uniform chain

Ordered phase withb 
/ ,, charged density wove

~ ~~~~~~~~~~~~~~~~ 
Order broke n

FIGURE I I .  In a we illustrate the undistorted lattice with a uniform charge density. In b a
lattice disto rtion and charge density wave are illustrated in a full y orde red phase , corre-
sponding to the lowest energy configuration. In c the order has been broken by sk ipp ing a
bond at site i. The next ion has moved away from i and formed a separate bond instead of
bonding with the ion at I .

- t in the region where the ions are closest together , essentiall y creating a chemical
bond. The energy of the bond is the energy g~p that has been opened , V0.

Starting fro m low temperatures we would expect the bonds to be stable. As
temperature is increased , more of the bonds are bro ken or more electrons are
excited across the energy gap. This lowers the energy of the distorted state relative
to the uniform state. We would then c~pect the distortion to decrease until , at a
temperature where the thermal energy is about equal to V0, we would return to
the undistorted state. I f the excitations or broken bonds are treated on the average
(in “Mean Field Theory ”) we fi nd the mean-field transition temperature is related
t o Vo by io

kTMF — ~“0 (31)

At this tem peratu re we expect a distortion and gap to form an d i ncrease to a
maximum value as temperature is lowered toward T — 0. This temperature de-
pendence is sketched as the outer line in FIGURE 12. We wou ld assume that for
T < TM, the system is completely ordered and the distortion just increases in
amplitude. This is not the case.

Let us see what happens if we skip a lattice site when the distortion occurs.
In FIGURE I lb we saw the full y ordered phase. In FIGURE 1 Ic we see the order
broken by a missed bond. What has happened in this picture is that the ions
have paired together up to site 1. At this site the next atom moved in the opposite
direction , rather than toward 1. After this mistake the ions are again paired. We
have two fully ordered regions that meet at point 1. But the two regions are not
ordered with respect to one another.

The energy difference between the phase with complete order and broken order
is simply the energy lost by the two electrons in the missing bond 2 V0. The break
can be at any of N places along the chain to give us broken order , where N is the
number of sites along the chain. Since there are N ways the break can occur , the

-~ - associated entropy is k5J ~n N. For finite temperatures we should really be using

---- - - •- - —- - ~~• _ _  -~~~~-— - —



Chaikin: Ph ysics of Low-Dimensional Systems 141

the H elm holt z free energy, whic h is internal energy minus the temperat ur e ti mes
the entropy. The free energy difference between the ordered and broken phases
is: U

- 2V0 - k8 T .tn N. (32)

For a large system (N —‘ ~
) the broken state is always favorable for any

temperature above absolute zero. This merel y reflects the large number of possible
sites for a break.

The result we have found indicates that for tem per atu res abo~e zero we will
have ordered regions separated by breaks. As temperature is raised from zero ,
the re w il l be more breaks and the ave rage size of the ordered regions will decrease.
If a chain has a small number of sites N it may still remain ordered , according
to (32) up to a certain temperature. The average n u m ber of sites that will remai n
ordered at a temperature Tis then obtained by setting ~F —

N,~ — ~~~~~ (33)

Since the average distance between sites is the interatomic spacing a , the length
of this ch ain segment w il l be (N.~ )a . The average size of the ordered reg ions is
known as the correlation length and is written:

E(T) — a exp
(~!~). (34) 

-:

We again must ask why the situation is different for one dimension than for
two or three . In FIGURE 13a we have drawn several chains and assumed th at they
intei act with a two-dimensional elect rostatic coup ling. The charge density on each
chain has Lrge negative charge on a bond and less negative charge between bonds.
Each bond would therefore like to see an antibond at the appropriate position on
each chain surround ng it. This will occur if nearest neighbo~ chains have their
charge-density waves slipped by one bond , as in the illustration. We can represent

Distortion amplitude I -dim
~ gap 3-dim Short range order \

txder or fluctuations

TC3 .dim T
~

sT
CMF 

iog(-~~-) CMF 1.76

FiGURE 12. The amplitude of the distort ion or energy gap is shown as a function of tern-
perature . The outer curve is the result of “mean field theory .” The actual phase transition to
an ordered phase , howeve r , occurs at T~ “three-d imensions”, wh ere the interaction energy
between chains is larger than the thermal energy.

- - --  -- - • ~~~-
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the interchain interactions by a (negative) term B, which is added if a bond is
adjacen t to an tibond and subt racted if two bonds or two an tibonds are adjacen t.

In FIGURE I 3b we have shown the situation with a broken bond in one of the
chains. In this case we not only lose the bond energy 2V0 as in one dimension ,
but we have a repul sive in teract ion between the chai ns out to the end of the
crystal (which is about N/2 sites away if the break is towa rd the cen ter of the
crystal). Thus we lose an addition 2BN/2 in energy. The difference in free energy
between the ordered and broken states in FIGURE 13 is then

= 2V0 + ~~ — k8T ~ n ( N ) .  (35)

For a large system (N —~ 00) the second term dominates and the ordered phase

Ordered ‘ B ~~~~~~~~~~~~ ~~~~~~~~~~~ ‘—‘ COI~IiI~ 15
phase ~~~~~~ ‘~~~~~‘ - B if in phase

~~~~‘- “ \___~~~~ ‘~~-‘ ~~~~~~~~~ + B if out of phase

Order 1’~~”\ /  ‘S~_
’ 

Re ulsion out tob broken ,—~~ ‘-
‘ 

,‘missing 
~~~~~~~~~ e~~ of cr stal

FIGURE 13. When interactions between chains are important the charge density waves
arrange themselves so that positive and negative regions are adjacent in nearest neighbor

• chains, a: We represent this Coulomb interaction energy by —B when a bond is adjacent to -
an antibo nd and +8 when bond is adjacent to bond or antibond to antibond. b: If onc chain
has a broken order, with a bond missing, the rest of the chain (to the right of the break) cx-
periences repulsive interactions for the remainder of its length.

is stable below some temperature but above absolute zero. Thus , in two dimen-
• sions (or more) it is possible to have real phase transitions to ordered states.

In any real systems there is always some three-dimensional coupling between
the chains , and this accounts for the phase transitions that are observed in the
“one-dimensional systems” which will be discussed in the following talks. We can
find the transition temperature by seeing what temperature will stabilize the
ordered state in (35), given a certain size for the system (number of bonds in an
ordered chain). This will occur on average when t~F — 0. The number of bonds in
an ordered chain is given on average by (33) and is itself temperature dependent.
Wc find:

o — BN(TC) — k9T~ .~n (N(:~)) (36) ¶
S.

~

--- —.- - —.--—. •-—- •--—--—-  - - -  - - —------ -— -— -
~~

- - -
~~
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or
2V0k8 T~ —

2 V0

This expression uses the model depicted in FIGURE 13, where each chain has
two nearest neighbors. If there are z nearest neighbor chains , B should be re-
placed by ZB/2. What is physicall y happening is the correlation length on each
chain is increasing as temperature is lowered until the average number of bonds in
each ordered region ti mes the in teractio n energy per bond with neighboring chains
is larger than the thermal energy. ’3 For tem perat ur es below th is, the chains are
locked together too strongly to be broke n by the rm al fluct u ations.

It is interesting to note that the three-dimensional ordering temperature T~ is
usually below the one-dimensional mean field transition TM, (by a factor of about

~ n (2 V0/ B ) ) .  We expect the transitons to have the general behavior shown in
FIGURE 12. As temperature is lowered th rough Tu, we form some bonds, the
crystal distorts , and charge-density waves appear in isolated reg ions. The ampli-
tude of the displacements and charge-density waves increases as we get cooler , but
the prevalent effect is the growth of the size of the ordered regions or correlation
length . Fin all y , the ch ains order three dimension all y at T~, at which tem perature
the gap, charge density, and distortions are essentiall y fully developed.

CoNcLusioN

We have seen that one-dimensional metals are quite generally unstable against
the formation of an insulating distorted state at low temperatures, and that the
problem associated with one-dimensional phase transitions is overcome by the
three-dimensional nature of most physically realizable crystals.

How these ideas apply to the crystals under discussion at the conference on
which this volume is based depends strongly on the values of the different param-
eters and may vary widely. If coup ling between chai ns is large, the region between
TM, and 7 may be too small to be physically significant. If the electron-lattice
coupling is small , then TM, may be reduced to a low enough temperature that
other interactions predominate. Nontheless , there is amp le experimental evidence
that these effects have been seen in several compounds 14” 5 and we will doubtlessly
find even more fascinating properties as new compounds continue to be synthe-
sized. There are, in addition , many other related instabilities that are possible in
one-dimensional metals, including a Mott-Hubbard or magnetic insulator transi-
tion 16 and superconductivity. ’7
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DISCUSSION

RICHARD A. KL EM M (iowa State Univ.. Ames, Iowa): Due to the appearance of
the 4*, scattering in the x-ray experiments on (TTF)(TCNQ) by Pouget aid co-
workers, a proper treatment of the interacting electron gas must take into account
the possibility of strong or intermediate strength coupling. In addition to explain-
ing such phenomena as the 2k, charge-density wave and 4k, scattering, we would
like to be able to determine if any new type of phenomena mig ht be observable
in some system. Thus, I have studied a model of two chains with an “inverted”
band structure (an electron-like chain and a hole-like chain) appropriate for the

- charge-transfer salts and have considered the effect of forward (ga ) and backward -

- - (g,) scattering between electrons on each chain , and forward (w2) and backward
(w , ) scattering between electrons on different chains. With this model, the cross-
over in temperature from 4k, scattering at high ten~peratures to 2k, phase transi-
tion in (TTF)(TCNQ) can be understood. In addition , there are several new types
of ground-state behavior for various possible interaction strengths. Of these, the
formation of an excitonic molecule (by the excitation of two particles from the- - molecule to the hole band) is the most intriguing possibility. However , there are

— also possibilities of 8k, scattering, interchain Cooper pairing, and superconductiv-
ity based upon quartets (or four electrons instead of two).

• 
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ANISOTROPIC SEMICONDUCTORS AND M ETALS:
WHAT HOLDS THEM TOGETHER? *

Robert Melville Metzger
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INTRODUCTION

For the past several years considerable effort has gone into understanding the
cohesive forces that must explain the stability of organic ionic and partially ionic
crystals. These studies have acquired particular relevance in that some of these
crystals are quasi-one-dimensional metals (QODM) over an extended temperature
range. ’6  One of the important long-range goals is the development of predictive
criteria for the stability of organic conductors , and even, it is hoped, inorganic
conductors such as the polymer (SN)~ and the Krogmann salts. That is, if we can
learn from calculations which molecules, which crystallographic space groups,
which modes of stacking, molecular orientation , and overlap will yield a QODM ,

- then this rapidly developing discipline will acquire some needed maturity and
respectability.

We are still somewhat far from that goal. On the one hand, simple-minded
Madelung energy calculations do yield decent values for organic insulators and
semiconductors,7 ’° such as TM PD TCNQ (where TM PD is N , N , N’ , N ‘-tetra-
methyl-para-phenylenediamine, and TCNQ is 7,7,8,8-tetracyanoquinodimethan);
on the other hand , grossly inadequate values have been obtained for the QODM
NMP TCNQ” (where NMP~ is the diamagnetic N-methy lphenazinium cation)
and TTF TCNQ’2-” (where TTF is tetrathiofulvalene). Somewhat more elaborate
Madelung energy calculations have been performed, with mixed success.12’~ ’17
Careful crystal polarizatior energy calculations are in progreu.’7 Attempts to in-
clude the cohesive energy contribution due to the conduction electrons are still at
an early stage.’5” The process of acquiring precise thermochemical data (enthal-
pies of combustion and sublimation) for these systems has barely been started. ’9 2’

The next section will describe the experimenta and theoretical components of
the cohesive energy and discuss in detail the Born-Haber cyck, as applied to the
organic ionic crystals, and the various criteria for ionicity and partial ionici ty in
these lattices. The section after that reviews the results obtained so far from
Madelung energy calculations, from thermochemical measurements, and from the
various attempts to overcome the “Madelung energy defect”2 in QODM. The
last section of this paper presents the current status of polarization energy calcula-
tions, and introduces a few thoughts about how future calculations should pro-
ceed.

Manuscript received June 14, 1977.
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THE COHESIVE ENERGY , AND CRITERIA FOR ION I CI TY

The Born-Haber cycle for a binary ionic (D~ A )  crystal (where D is the elec-
tron donor molecule , and A is the electron acceptor molecule) is shown in
FIGuRE 1. Starting with the neutral donor molecule, D, and the neutral acceptor
molecule, A, in the gas phase , one wonders whether the tra nsfer of one electron
from the highest occupied donor molecular orbital to the lowest unoccupied ac-
ceptor molecular orbital (costing I~ — A A ’ where ‘D is the first adiabatic gas-
phase ionization potential of D, and A A is the first adiabatic gas-phase electron
affinity of A) costs less energy than U j ,  the energy released by forming the
D~ A - crystal lattice; i f so, the ionic lattice can form , and U is the cohesive energy
(by convention , negative if the ionic crystal is thermod ynamically stable). If not ,

_____ 

e (g),b1ig , A(g)
A -D(g ,A(g

FIGURE I . Born-Haber cycle
_______ 

D(g) A(g) for a binary ionic (D~ A — )  crystal
(where D is the electron donor
molecule, and A is the electron

~H (A) acceptor molecule).sub Dc .A c

AH~(D(C) + — 
D~ic)

~ H~(A~ )) 

~ H~(DA(C ))

ELEMENTS

then a neutral lattice will form , with a relatively small cohesive energy UA. Typi-
cally, for “good” organic electron donors such as TMPD and TTF, I~ is between
6 and 7 eV; for good organic electron acceptors such as TCNQ and para-chloranil, 

-A A is between 2 and 3eV .
Experimentally, then , for an ionic lattice the cohesive energy is:

- - t~ H;(D,c) + ~H ( A ,c) + ~H~b (D) + ~H~~(A)
+ ‘D — — AN (D4A ,cfl, (I)

where the AIH are standard enthalpies of formation at 298 .IYK , and the ~H~b
- 

- are standard enthalpies of sublimation at 298.IYK for the neutral molecules D
and A. In some cases, e.g., Cl2 in the Born-H aber cycle for NaCI, the enthalpy of

— ~ 
-‘
~

-
~~~

. atomization replaces the enthalpy of sublimation.

4 

-—- - - —- - - ~~~~ - - ~~~~~~~~~~~~~ -- -- - -~~ - -  -
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For a neutral lattice the cohesive energy is:

— — ~AH;(D ,c) + ~H;(A,c) + ~~H Ub (D) + ~H Ub(A)

— AH;(DA,c)J (2)

and , in general ,

I I Ufl,, I .
One may obtain U~~ or U~~A if all other quantities in (I) and (2) are measur-

able. The ionization energy is readily available from mass spectrometry and ion
- 

- cyclotron resonance spectroscopy appearance potentials , and from optica l spec-
troscopy or gas-phase photoelectron spectra; the usual problem is whether one can
really obtain a truly adiabatic ‘D. The enthalpies of formation can be obtained
from combustion calorimetry. ’9 The enthalpies of sublimation can be derived from
careful studies of the temperature dependence of the vapor pressure, via the
Clapeyron-Clausius Equation .~~ The most frustrating and difficult quantity to
measure experimentaUy is the c~ectron affinity :9 for very small molecules (NO,
NO2) ion cyclotron resonance provides nice absolute values; 22 for large molecules

-

. - (TCNQ,para-chloranil) Briegleb’s indirect estimates23 from the presumed linear-
ity of the optical charge-transfer band (hv~~) with (I D -. A A) gave values that
appeared about I eV too low;’~

9 the best method at present seems to be the Cs
beam collisional ionization technique.~ -

The temperature dependence of all the quantities in (1) and (2) is sufficiently
small , at least in comparison with the usual uncertainty in , say, AA , that , to first

• order , almost any reasonable reference temperature can be used interchangeably
with 298. 15°K.

A complication can arise in the use of(I): many ionic TCNQ salts (e.g., NMP
TCNQ, quinolinium (TCNQ)2, tr iethy lammonium (TCNQ)2) have diamagnetic ,
S 0 cations (D4 ) which are one-electron oxidation products of unstable S — 4
free radicals (D .). Then the enthalpy of formation of D (N-methylphenazy l,
quinolinyl , Et3NH .) may be experimentally inaccessible. (In the Born-Haber cycle
for NaCI , ~aH (Cl -

‘ 
g) is fortunately accessible spectroscopically from the atom-

ization of the dimer , Cl2). Also, if 1~H (D. , g) cannot be measured, then the ion-
ization potential 1D for the reaction D. —. D’ + e (e.g., NH 4 . —. NH 4 ’ +
e )  may be difficult to deterthine, and would have value only in trying to compare
calculated binding energies (see below) with the cost of ionizing D and A. The
thermodynamically correct thing to do is to replace 1~ H ( D , c) + AH~b (D) +
‘DI in (1) by the single quantity ~ H (D 4 , g); however , this enthalpy of formation
cannot be measured directly by combustion calorimetry, but may be obtained in-
directly~ from bracketed mass spectral reactions, or from a separate Born-Haber
cycle for a “simple” salt, such as NMP ’C l , or Et 3N H ’I , assuming that for
this “simple” salt, the binding energy Uca n be calculated completely and exactly.

The theoretical crystal binding energy for an ionic crystal is:

(3)
where Eoc is the quantum-mechanical interionic direct Coulomb binding energy,
which consists of terms like:

— 
~~~~~~~~~~~~~~~~~~ --- — — . - - —•--. — - —
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1’ 2
!d r , dr2 #X ( l )#~(2) !~

J ~~I2

where 
~~~A is a molecular orbital on ion A , and ~~ is a molecular orbital on ion B;

~~ is the quantum-mechanical interionic exchange Coulomb binding energy,
which consists of terms like:

1’ 2

/ dr , dr 2~~~( l)~~ (2) L~ #B (l)~ ’A( 2);

E,,,, is the polarization energy, due to the interaction between the Coulomb field
and the polarizabilities of the molecular ions; E,,~,,, is the van der Waals, or in-
duced dipole-induced dipole energy, ~~~ is the configuration interaction term ,
that corrects for back-charge transfer effects if any; E~ .4 is the term that includes
any extra binding energy due to conduction electrons (extra kinetic energy due to
finite bandwidth); the internuclear repulsions and the electron-nucleus attraction -

ter ms are incl uded in E~~ or E~1, but if they cannot be, then E~ is a hard-core
repulsion term that should prevent the complete collapse of the ionic lattice onto a
single point.

The theoretical cohesive energy for a neutral crysta l is:

1h vd W +  ~~flf + Rp, ( )  
-

where ~~~~ now is the second-order correction due to the (small) direct charge
transfer , and E,dw” is the van der Waals term that now uses the neutral molecule
polarizabilities, which (see below) should be sensibly different from the molecular
ion polarizabilities. -

For a partially ionic crystal (such as a QODM), with degree of formal charge
transfer p (where 0 < p < I), the experimental cohesive energy is, trivially:

— p Ui,, + (1 — p) ~~~~ (5)

The theoretical counterpart of(S) is discussed later.
Ideally, a reasonable cohesive energy calculation for an ionic crystal should -

yield a significant portion of Uth . The Madelung energy:

— ZZ z,z~Ir , — r~I ‘ (6)
~>1

is a double-lattice sum (immediately reducible by symmetry to a single lattice sum)
of the classical Coulomb interactions between all atoms with charge z1 at crystallo-
graphic positions r1 and all other atoms with charge z1 at r1. It has been a long- 

-

standing article of faith that for inorganic ionic crystal. EM is close enough to U.,,,. 
-In fact, for NaCI, U,,,, — — 7.918 eV molecule~~, and EM — —8.932 eV mole-

cule-’, and EN plus a reasonable guess for E~~ can be made to fit U.,, quite
well.2’ -

One might therefore conceive of a Gedankenexp erime~u, where one starts with a
neutral crystal (with binding energy U,,~ ) , and ionizes the lattice to form an ionic
crystal (with binding energy U,,). The cost of ionizing the lattice is grosso n,odo
(ID — A A) per DA pair. The net increase in binding energy is U,1, — U,,”. If , by
luck: 

. -~~~~~--- ~~_ _
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— U,,,” ~ E~ , (7)

that is, if E~ includes reasonably well all the Eoc and E~j contributions , then a
very simple criterion for ionicity emerges: if

Eu + I D — A A < O , (8)

then the crystal is ionic; if:

Eu + I D — A A >O , (9)

then the crystal is neutral; i.e., it remains a van der Waals solid.27

Naturally, the cost of ionizing D to D4 and A to A- inside a crystal lattice is
less than the gas-phase value ‘D — A A by a very appreciable screening effect (a
polarizabi lity effect), which , however, is nonlinea r with the progressive charging
of the crystal lattice, since the polarizabilities of the neutral molecules are sensibly
different from the polarizabilities of the ions (this same effect makes E,,,~ some-
what different from E~dw ”). But , in a thermochemical sense, one may just as well
construct the lattice from the gaseous ions at infinity , and use the I,, — A A values
as they are, and then require that the correct calculation of U,,, include all polariza-
tion energy corrections. This seems to be the more reasonable approach.

If the simple, “rule-of-thumb” (8) were to fail , then one may try to include into
a new energy, Ec,,.~,, all effects due to formally charging the lattice, i.e., by defining:

A

~~Co I~~~~~~DC + + ~~poI + ‘~vdW ~~vdW

a new, more valid criterion of ionicity emerges:

Ec011, + ‘D — A A <0.  (11) t
Unfortunately, explicit calculations of Ec0~, have not yet been reported.

If one wishes to construct a partially ionic lattice, or if one wants to discuss (10)
more closely, then one may define a molecular-field energy:

E, — p 2 E~~ , + P(ID — A A) , (12)

which can represent the lattice ionization process. In the preliminary approxima- -

tion ~~~ — E~ (where E~ is for the fully ionic lattice), this - molecular-field
energy has been discussed before,27 and has been shown to lead to two stable solu- -

tions only, at p — 0 (the fully neutral lattice), and at p — I (the fully ionic lattice).
Therefore the partially ionic lattice presents a particular challenge, in that , despite
(12), an intermediate value of p must somehow be stabilized by calculating Ec,,,,,,
or at least Eu, for the partially ionic lattice, and obtaining some extra binding
energy because of some crucial details in the charge distribution. As we shall see,
this is in fact the problem with cohesive energy calculations for organic metals. If
the partial ionicity of a crystal lattice can be approximated classically by a rela- 

•

tively simple static representation, where some sites in the lattice are occupied by
ions, and the others by neutral molecules, and this distribution is periodic with a
short period, then the Madelung energy for this lattice, E~’ can be calculated for
rational p: this is a O’K “frozen lattice” or Wigner lattice model of the partial
ion city .’2”4~ The naive hope is that

(13) ~
- - 

—

~~~~~~~5 •~~4~ - - -
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would be a valid approximation. The cohesive energy calculation for a dynamic
partially charge-transferred lattice appears very difficult: if the dynamics involve
charge-density waves (CDW) propagating through the lattice with some statistical
distribution of mutual phases, then one must superimpose onto a periodic lattice
of atom positions an aperiodic charge distribution; this makes the Madelung
energy calculation well-nigh impossible.

In the next section the known theoretical and experimental cohesive energy
contributions for neutral , ionic, and partiall y ionic organic crystals (and (SN)~)
will be discussed . TABLE 1 summarizes Soos’s very convenient classification ’ for
these cryst als. For more details about the chemistry and physics of organic semi-
conductors and QODM , the reader is referred to the other articles in this volume
and to several recent reviews. ‘~~~

A practical question , of vital interest to this conference , is: wh at makes a
QODM possible? By now , there must be more than 100 known TCNQ salt crystal
structures , and severa l TTF halide structures . Two necessary crystallographic
conditions for QODM conduction seem to emerge:

I) Regular lattice: there must be only one crystallographically unique TCNQ
species (or TTF species), arranged in a linear stack with intermolecular
distances sensibl y less than the typical van der Waals distance of 3.5 A
quoted for weak pi-pi overlap; there must be no intermolecular distance

TABLE I
Tv~as OF CRYSTAL LArncEs, ACCORDING TO Soos’s CLASsIFICATION 1

Soos Formal Type of Alternation
Lattice Charge Linear of Intermo l.
Type p Stacks Distances? Examples

MSRN (mixed 0.0 D A D A no Hexamethylbenzene:
simple para-chloranil,
regular Naphthalene:TCNE
neutral)

MSRI (mixed 1.0 D~A D ~A no TMPD~TCNQ , -

simple TMPD ’~para-chkiranil
regular - -

ionic)
SSR (segregated 1.0 D~D~D~Dt no TMPD~ I

simple 
- TMPD ’CIO((T> l86’K)

regular) A tA A ~A t no Rb~TCNQ (II ,
T- 300 K)

SSA (segregated l.0 D~ DtD~ Dt yes TMPD ’ CIO ((T< l86 K)
simple
alternating) A ~A A A yes Na ~TCNQ ( T — 300’K)

Rb ’i’CNQ (l , T— l lO K)
SCA (segregated <1.0 A :A A A yes Cs2 TCNQ3,

complex TEA TCNQ 2
alternating)

SCR (segregated y ~‘ 1.0 A~’A ’A~~ no TMPD TCNQ2
complex and/or NM P TCNQ
regular) D D ~~ D. 1 h F  TCNQ

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE 2

MADELUNG ENERGIES E M FOR Two MSRI AND Two MSRN CRYSTALS ’

Soos Formal
Lattice Charge E M ‘D —

Crystal Type P,,,,, (eV/molecule) (cV)
(l :l)-(TMPD ~TCNQ~ ) MSRI 1.0 —3 .94 ± 0.OSt 3.45~(l :1)-(TMPD 4 para- MSRI 1.0 —4.43 ± 0.031 3.85*

chlorani l )
(l :l)-( Hexamethyl- MSRN 0.0 —4 .41 *0.08t 5.6*

benzene:para-chloranil)
( 1:l)-(Naphthalene:TCNE) MSRN 0.0 —4 .3 1t 5.51

‘Their experimental classification by Equation 8 is confirmed for each case.
tFro m Reference 8.

• 
- *Using 4 A — 2.8 eV (Reference 24) instead of the older , discredited value A A — 1.7 eV

(Reference 23).
§Using A A — 2.37 eV, 1.0 eV higher than the older , discredited value A A — 1.37 eV

(Reference 23).
lUsing .4 A — 2.6 eV , 1.0 eV higher than the older , discredited value A A — 1.6 eV

(Reference 23).

alternation ’ ; the overlap must be regular , with no “zig-zag”; there may be
some disorders among the counterions.

• 2) The lattice must be partially ionic .1
Thus , NMP TCNQ , TTF TCNQ, TTF Br078 , quino linium TCNQ2, and

acridinium TCNQ2 satisfy both conditions, and are QODM; TEA TCNQ2 (TEA ,
triethylammonium) satifies onl y condition (2), and TM PD TCNQ2 has a zig-zag
overlap among the TCNQ sites, and thus , these two salts are semiconductors.

Hence, finally, the two QODM requirements of a regular linear lattice and of
partial ionicity must somehow be explained by cohesive energy calculations.

COHESIVE ENERGIES: CALCULATIONS AND EXPERIMENTS

Most cohesive energy calculations reviewed in this section have restricted
themselves to the presumed largest contributor to U,,,, namely the Madelung
energy EM . The lattice sum in (6) is conditionally convergent , and most calcula-
tions have used the Ewald methods to accelerate its convergence, but one
group ’3~°~3’ has used the modified Evjen method. 32

MSR Lattices

The first systems studied 8 were the organic mixed simple regular (MSR)’
lattices, where, experimentally, some are fully ionic semiconductors (e.g.,
TMPD~ TCNQ , TMPD~ para-chloranil ), whereas others are fully neutral in-

-
• 

sulators (Hexamethylbenzene:pota-chloranil, Naphthalene:tetracyanoethylene).
The results’ are presented in TABLE 2. For the EM calculation , it was essential

~~ - - H 
- that the formal charge on the ion be distributed over the atoms of the ion; the

- -

- 

~~~

—---•- --.—--•-•

~ 

-• - —— — -
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fractional atomic charges were obtained from various theoretical calculations ,
rang ing from simple Htlckel theory to Pariser-Parr-Pople pi theory; these different
charge-distribution models yielded total (interionic plus intraiOnic) electrostatic -

Coulomb energ ies that depended very much on the details of the charge model ,
but once the intraionic contributions were subtracted , the remaining interionic
M adel un g energy EM was very independent of the charge model8 (see the small
standard deviations quoted in TABLE 2). Thus, the calculated EM were valid
crystal energies. Unfortunately, experimental values (U~~ and U,,~”) for the
cohesive energies were not available for comparison with the E~ results. However ,
a comparison of E~ with ‘D 

— 4 A ’  in the sense of (8) and (9) was quite
favo rable , provided that an updated set ofA A values9’~ is used. That is, the MSRI
crystals satisfy (8), and the MSRN crystals satisfy (9). When the earlier A A
values 23 were used , this classification failed ,8 and a Hubbard Hamiltonian calcula-
tio n was applied , yielding an estimate of ~~ of about 0.5 eV 33 for the MSRI
crysta ls. Finally, one shou ld note th at whereas for NaCI the cost of ion izing the
lattice, ‘D — ‘~ A — 1.53 eV ,~ is much less than the Madelung energy, I EM I —

8.932 eV , in the MSRI lattices (8) is satisfied by a much narrower margin , partly
because the charge density per crystallographic unit cell is lower.

SSR and SSA Lattices

These Madelung energy studies were extended to the segregated simple regular
(SSR)’ and segregated simple alternating (SSA)’ crystals, in part to verify whether
these crystals were stabilized by classical Coulomb forces (calculable in EM), or
whether exchange Coulomb forces were needed to supply the necessary cohesion
along the linear stacks of radical anions (for the TCNQ salts) or radical cations
(fo r the TMPD salts).7’9”° The results are summarized in TABLE 3. For both
TMPD ’ I (Wurste r’s Blue Iodide) and TMPD~ ClO (Wurster ’s Blue Perchlo-
rate) the calculated E~ values are large, independent of charge model , and (for
TMPD~ I ~) satisfy (S). It was, moreover , possible to verify that the Madelung en-
ergy difference between the high-temperature phase (SSR) of TMPD ’ Cl04
and its low-temperature phase (SSA) was of the order of magnitude of the (small)
enthalpy of transition at the l86’K phase transition , and that Madelung forces
did not in fact drive the phase transition . 10 Similarly, for the TCNQ salts in
TABLE 3, the EM values were independent of charge model , and compared
favorably with ~ — AA (Equation 8). Again , no exchange forces were necessary
to confirm compliance with Equation 8. However , the TCNQ salts were studied
also to attempt to “close” the Born-Haber cycle for NH 4 ’ TCNQ , since for this -

salt, and for neutral TCNQ, the en th alpies of formation had been determined.~Unfortunately, the crystal structure of NH 4 4 TCNQ is very badly disordered ,
• and so its E~ val ue is open to serious question 9; nevertheless, if one assum es

that, because of the similarities in the crystal structure , the experimental cohesive
energies of Na ’TCNQ and Rb ’TCNQ (from Na~ (g) or Rb4 (g ) and
TCNQ (g)J are approximately equal to the cohesive energy of NH 4 4 TCNQ
[from NH 4 ’(g ) and TCNQ (g)J, then the calculated E~ values for Na ’TCNQ
and Rb ’ TCNQ are 1.8 to 2.5 eV short of the presumed U,51,. Therefore , the
question arises, even for semiconducting TCNQ salts: Is ~ not the preponderant

- -  --~~~~~~~~~~ 
_ _±-

_ _  
-
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part of Ec0~1? If not , what is missing? By using a modification of the Ewald
procedure for Eu, we evaluated the electric fields at each atom in the Rb + TCNQ - 

-

st ructure (due to the formal charge); and using neutral-atom scalar polarizabi lities,
we obta i ned a value E,,~,1 — —0.408 eV/molecule. It is hoped (see below) that
when better pola r izabilities are used, th is number will become more appreciable.
H owever , it appears , after all , even in semiconducting TCNQ salts , that a proper
formalism for calculating Eoc and E~5 has to be put into practice. Such an
Ewald-ti ght-bi nding Hartree-Fock formalism has been developed in principle ,35

but a practical program is still in the planning stages. It is possible that a Hubbard
Hami ltonian approach may y ield a credible estimate of ~~ with fa r less labor .33

TABLE 3 
-

MADEL IJ NG ENERG I ESE u FOR SEVERAL SSR AND SSA CRYSTALS ’

Soos Is
Lattice E u E1,~,, ‘D — A A (8)

Crystal Type (eV/mokcule) ( c V) (eV) OK? (eV)
TMPD ’i SSR —4 .26 ± O.04t 2.97 yes
TMPD ClO( SSR — 4 . l l  ± O.O2~

( T—3 0 0 ’K )
TMPD ’CIO( SSA —4 .13 ± O.02t
(T— lI O ’K)

Na~ TCNQ SSA —5 .29 ± 0.02* 2.35 yes
(T- 300’K)

Rb~ TCNQ SSA —4 .71* —0.4 1* 1.38 yes
(I , T—  llO’K) —4 .741

Rb~TCNQ SSR —4 .64* 1.38 yes
(II , T—  300’K)

NH 4~TCNQ disord . —4 .82(?)* —7 .13”
‘Their experimental classification by Equation 8 is confirmed. The formal charge Pcxp ~5

presumed to be 1.0 for all these lattices.
tFrom Reference 7.
~From Reference 10.
§From Reference 9.
~From Reference 16. For the Wigner crystal case, with p — 0.5, E u — —1 .98 eV/

(RbTCNQ species).
“From Reference 20.

Also , there is a crying need for definitive thermochemical values of U,~ for the
SSR and SSA salts of TABLE 3.

The SCA Lattices

The segregated complex alternating (SCA) ’ TCNQ salts (semiconductors) were
also studied; heretofore unpublished results ’7~’ are presented in TABLE 4. For
Cs2 TCNQ3 the crystallographic refinement 37 found that there was one TCNQ°
and two TCNQ- species per (TCNQ)32 trimer , whereas for TEA TCNQ2 the
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m ore recen t an d better st ru ct u re determination 39 fou nd that the two TCNQ species
th at were crystallographicall y disti nct were in fact both statistically a TCNQ °5
species, as had been suspected before ,’ but contrary to a previous , less precise
structural determination. 3’ A Madelung energy study was therefore done to see
whethe r the E M val ues wou ld predict , by the mselves , which for m al cha rge wou ld
y ield the m ore stable lattice . As h ad been done befo re,9”°- ’2 INDO charges for
the ions and molecules as determined by the crystal structure , were used.4° For
Cs2 TCNQ3, (8) is again amp ly satisf ied , and E M is more negative for the crystal-
lographically correct assignment of formal charges within the TCNQ stack ; for
TEA TCNQ 2, however , E~ pr edicts the wrong formal charge assignment. I n other
words , the Wi gn er latt ice is always energetically favored . E~, was then calculated:
the intraionic correction , which is applied to the total (gross) classical Coulomb
energy to y ield Es, , now includes all classical Coulomb interactions between all
atoms in the (TCNQ)32 “supermolecula r ion” in Cs2 TCNQ3, and between all
atoms in the (TCNQ)2 supermolecular ion in TEA TCNQ2. This E~ improves
matters in TEA TCNQ2 by predicti ng the correct form al char ge allocation , but
spoils a good thi ng for Cs2 TCNQ3. Clearly, E,,,,, or other effects mu st be incl uded
in such a Gedankenexperiment.

SCR Lattices. Organic Metals , and ( S N )~

Finally, TABLE 5 summari zes the cohesive energy data for the compoun ds of
greatest interest to this conference: the QODM: NMP TCNQ, TTF TCNQ,
TTF Br079 , and polymeric (SN)~. A lso included in TABLE 5 is a compound that
is a semiconductor , but probably barely misses being an organic metal: TMPD
TCNQ2 . Some interest was generated fairly early in the history of Madelung
energy calculations by the resu lt th at the QODM NMP TCN Q, although a very
stabl e crystal , had essentiall y a zero Madelung energy, i.e., shou ld n ot ex ist as an
ionic solid. ” Th e severe dependen ce of the calcu lated E M on the charge model was
another good clue that something other than just the classical EM had to bind the
NMP TCNQ lattice. In date. presented here for the first time , an attem2t was made
to see whether better E~ values could be obtained’ 7 i f the diso rder model of
QODM conduction 3’ was applied to the N M P  TCNQ lattice , by alternating the
orientation of the NMP ~ ion in the lattice: as is seen in TABLE 5 (footnote ~1),
very l ittle extra binding energy was secured in this attempt . ’7 More tecently, the
Coulomb field in the NMP TCNQ crystal was allowed to modify the pi electron
charge distribution of the NM P~ ion ’6 ; as ca n be seen in TABLE 6, (columns C
and D), the ch arge dist r ibutio n does al ter significantly (in fact , possibly even too
much), so that we no longer have a true NMP 4 ion , but more Made lung binding
energy is secured by this expedient. ” It is not clear whether the “improved”
Eu value does include all other polarization effects that the usual E M calculation
must neglect . Moreover , a Wigner lattice calculation ’6 for NMP TCNQ, giving
E~ as a function of rational values of p between 0 and I yields a min imu m when
p — ~, whereas a recent NMR determination of the degree of formal charge
transfer in NMP TCNQ yields p,~ — 0.94.” Again , a careful look at E~, and

and E~fld in NMPTCNQ seems to be in order.
Several groups have calculated the Made lung energy of TTF TCNQ, al most

_______ 
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simultaneousl y. ’2 ’~ 3’ For all values of the formal charge transfer , p, the calculated
EM falls short of the requirement of (s), i.e., of p (ID — A A). Also, the EM values
depend very strongly on the charge distribution model assumed , indicating again
that the crystal is minimizing an energy other than just E~ . A calculation of the

- polarization energy, E,,0,, similar to the calculation reported above for -
Rb~~TCNQ - , y ielded only E,,0, = —0.63 eV/molecule , for p — I . The key to
unde rsta nding the QODM con duction and properties of TTF TCN Q was the
experimental discovery of the incommensurat e Peierls-type phase transition at

TABLE 6
FRACTIONAL ATO M CHARGE S FOR THE DIAMAGNETIC NMP~ CATION , IN UNITS

OF THE ELECTRONIC CHARGE , I I - 
-

c ~~9 CI
C ” 

~~C” 
~~C6 ~~C2

I II
~~~~~~~~~~~~~~~~~~ ,,C3

N lO C4

Atom A 

CH 3 

C D
Cl 0.044 0.0096 0.08 0.07
C2 0.052 0.0203 0.04 0.13t
C3 0.052 0.0406 0.14 0.24t
C4 0.044 —0.0135 0.0 0.0

- N9 0.189 0.6749 0.2 0.17
N lO 0.189 —0. 1298 0.0 —0.05
CII  0.060 0. l 023 0.08 0.0
Cl2 0.060 0.0624 0.06 0.0

‘Charge densities:
A Very approximate charg e distribution, used in Reference i I. - -

B Simple HUckel pi ekctron charge densities, obtained from a progran kindly made avail-
able by 3. 1. Brauman , using the hetero atom parameters suggested in Reference ~).9:
aN9 — 0.6 ac and ap4~~ — O.9 ac .

C Pi electron charge densities, fr om Reference 16.
tD Pi electron charge densities, from Reference 16, corrected (modified ) to include local

Madelung field in NMP TCNQ. As a result, the charge distribution is grossly distorted (see
in particular the atoms marked).

5 7 K , which determined that the charge transfer in TTF TCNQ (if it is due to -

2k ,) isp~~ — 0.59 ± 0.02.42.43 This finding gives great importance to the Wigner
crystal calculations, which in fact yield considerable extra binding energy for
p — ~~~2, I4 , I3 These Wigner crystal calculations are indicated by a dagger (t) in
TABLE 5. Note should also be made that the degree of formal charge transfer , a
quantity that is in general very difficult to measure, has been determined by
carefu l integration of the x-ray intensities for the I00i( crystal structure of TTF
TCNQ, yielding P.zp — (0.48-0.60) ~ 0.1 5.~~ The structural and Madelung en-

-~ ~~~~~~~ ergy implications of the Wigner crystal model have been analyzed very carefully in
• a further recent study, ’5 which showed that in all SSR , SSA, and SCR structures ,

-- -tI
•~~~~
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the repu lsions w ithi n the l in ea r stack mu st somehow be ove rcom e by att ractive
Coulom b inte ractions n ormal to the stack , i f the crystal is to be at all ionic, and
that whereas for SSA crystal like Rb 1 TCNQ , the counterion coordination is
sufficient to stabilize the p — 1.0 lattice; on the other hand , the coordination in
TTF Br 0~ is poorer , and a M adel ung energy mini m u m is observed away from
p — I , an d in fact , is obtained within the experimental range of composition for
this QODM (p = 0.74). A Hubbard model estimate of the conduction electron
contribution to the binding (for TTF bromide , which is a narrow-band metal)
yields E~ — E~~d — —0. 11 eV. It should be noted , however , that for TTF Br0~~,
for all values of p, (8) is satisfied. Also , no valid Wigner crystal energy minimum
is obtained for TTF TCNQ (unless one were to accept the data of footnote fl to
TABLE 5, and believe that for TTF TCNQ p — 0.295). (As a side issue to the
problem of what binds TTF TCNQ, con trove rsy arose abou t wheth er an ear ly
x-ray photoelectron spectrum of TTF TCNQ had indeed detected bulk TCNQ
species in the crystal5’ and by the presence of two N Is core electron peaks had
seen ,52 within the time span of the photoelectron experiment , one TCNQ° and
one TCNQ - species in the molar ratio of 1:2 (thus proving p — 2/3),~’ or whether
surfa ce layers had been detected,53 or whether the two crystallographically inequiv-
alent nitrogen atoms in TTF TCNQ were shifted from each other because of a
large Madelung site potential inequivalence. ’2’3’ It was shown that if the Madelung
site potential inequivalence was introduced into the CNDO/2t molecular calcula-
tion for TCNQ and the “new” TCNQT charges were used to generate a new
Madelung energy and new Madelung site potentials, and the process was repeated
to self-consistency, then the site potential inequivalence would vanish.~ The
charge modification on TCNQ - was, in this case, much less severe M than those
obtai ned in the NMP TCNQ EM minimization.~

6 Unfortunately, no mention was
made of what happened to Eu in the computation .~ ’ Presumably, some of the
polarization energy E,,0~, was absorbed into the self-consistency routine , and
the remaining part of E,,1,1, baptized “dipolar polarization binding energy” was
found to be only —0.09 eV.” Another small headache was encountered when care-
ful molecular polarizabil ity studies were initiated: it is possible that the charge dis-
tribution models used for TCNQ and TCNQ - by several workers may be affected
by incomplete convergence of the self-consistent field molecular energy minimiza-
tion process. ’7 As noted by one study,55 cyano groups in valence-electron calcula-
tions cause convergence problems and oscillations in the density matrix values. By
averaging the density matrix elements between each two successive cycles, the
oscillations are damped down , and good SCF solutions are obtained . In TABLE 7,
INDO* results ’7 for TCNQ° (with the atom coordinates from the TCNQ and the
TTF TCNQ crystal structures) and for TCNQ - are given , with incomplete
(“canned program ”) convergence and with much improved convergence (better
than I part in lOb for the density matrix , and 10 12 atomic units in the electronic
energy). The atomk charges of TCNQ° for the two crystal structures (TCNQ and
TTF TCNQ) approach each other , and some of the differences between chemically

tCNDO/2 is the computer program Complete Neglect of Differential Overlap, ver-
sion 2.~ 

-

tINDO is the computer program Intermediate Neglect of Differential Overlap.40
• •~~• *NOTE ADDED IN PROOF: B. D. Silverman (private communication) informs me that the

shift in E~ was —0 .2 eV .

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  ~~_ _ _
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equivalent atoms smooth out. Therefore, once E,~, calculations are well under
control , the Madelung site inequivalence , with better charges, may in fact be less
than was originally stated,’2’3’ and this parenthetical controversy can be settled.)
An effort has also been made to explain incomplete charge transfer in TTF TCNQ
by using nearest-neighbor on-stack electron overlap and correlation within the
confines of the extended Hubbard model; ” it was shown that large contributions
to 11th~~ 

cannot be expected from such a calculation , but if E is of t-he order of
— 4A ’  then , without using the Wigner model, the band effects do in fact

stabilize the p ,o I state. 18 Parenthetically, much use has been made of the Hub-
bard hamiltonian (in various forms), and the importance of Coulomb and CDW
effects in explaining the properties of TTF TCNQ has been studied ,56 ’° but quanti-

TA BLE 7
Effect or CAREFUL SELF-CONSISTENT FIELD (SCF) ENE R GY CONvECOENCE

ON THE INDO NET ATOMIC CHARGES FO E TCNQ AND TCNQ

Species TCNQ TCNQ TCNQ TCNQ TCNQ - TCNQ -
Crystal TCNQ TCNQ UF TCNQ TTF TCNQ TI~F TCNQ TI’F TCNQ

Struct. (300 K) (300’K) (300 K) (300 K)
SCF Conv . l0— ~ 10— 12 l0~~ 10.12 l0~~ lO -l2

(a.u.)
Atom label’

C4 0. 137 1 0 .133 1 0.1450 0.1343 0.1569 0.1500
CS 0. 1378 0.133 1 0.1457 0.1344 0.1573 0.1500
C6 0.0158 0.0112 0.0261 0.0136 —0.1303 —0.1386
Cl 0.0702 0.0694 0.0702 0.0694 0.054 1 0.0521
C8 0.0080 0.0087 0.0105 0.0128 —0.0281 —0.0263
C9 0.0037 0.0046 0.0120 0.0142 —0.0253 —0.0236
NI —0. 1949 —0 .1898 —0.2042 —0.1894 —0.3 152 —0.3051 

-N2 —0.1951 —0.1894 —0.2068 —0. 19 13 —0.3201 —0.3095
H8 0.0C6 Z 0.0063 0.0018 0.0020 —0.0235 —0.0233
H9 0.0113 0.0114 —0.0003 —0.0002 —0.0258 —0.0257
From Reference 12.

S

tative contributions to Uth’ have not been reported. Thus, the overall import of
the E~ , E,~ , and E1 studies for TTF TCNQ is that , to this date, their sum
seems to approach p (ID — AA) , but that a bound state, in the sense of Equation 8,
is not achieved . The real surprise came when the experimental crystal binding
energy was determined for TTF TCNQ by calorimetric methods.’9 The result
depends on the formal charge transfer, and for p — 0.59, U~ ,’ — —4.88 eV/
molecule~’9 Other values, for p — 1.00 and p — 0.295, are also listed in the last -

column of TABLE 5. Even the best Wigner crystal result, for p — ~~, and an esti-
— 

- 
- mate of E,.1 and of E0 for the p — 0.5 case, do not yield more than about

—2.0 eV. That is, the experimental crystal binding energy is missed by almost 3 tV
• • It is quite possible (see the following section) that a correct calculation of E,,, will

• -
- 

_
_ _  _ _ _ _
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y ield a surprisingly large result , once that realistic atom-in-molecule polarizability
tensors are used. But it is equally possible that the exchange interactions along - - -

• the linear stacks are unexpectedly large, and that whereas for SSA, SSR, and MSR
latt ices the E~ values, by their independence of charge model, masked the impor-
Lance of E.~ in those lattices, the very sensit iv ity of E~ in SCR lattices is a strong
indication that E~, maybe alongside E,~,,, play a heretofore unsuspectedly crucial - - -

role in the binding of organic quasi-one-dimensional metals.
As shown in TABLE 5, a Madelung energy calculation of the binding energy of

(SN)~ yielded a very small , almost negligible binding energy, but an experimental
binding energy for (SN)~ has not yet been reported.

Finally, the SCR crystal TMPD TCNQ2 has been studied experimentally and
has been found to be a semiconductor.” A Madelung energy ~~~~~~ of
this salt, both with the TCNQ species as p — 4 species and in the Wigner crystal
limit , shows that a (small) Madelung energy defect does exist in TMPD TCNQ2 .
Since this salt is not a QODM , we must argue that the existence of a (small)
Madclung energy defect does not predict QODM behavior (in fact, for T1’F Br 0~~,
there is no M adelung en ergy defect , and the salt is still a QODM). Since the
dependence of Eu on charge model was not tried for TMPD TCNQ2, we cann ot
be 100% sur e that a la rge dependence of E~ on charge model is indicative of
QODM behavior in these organic salts.

STATUS REPORT ON MOLECULAR POLA RI ZABILITIES

AND FUTURE DIRECTIONS

As soon as the shortcomings of our Eu results for the SCR and SCA crystals
became apparent and the possible large discrepancy between U,~ and Eu even
for the simple SSR and SSA TCNQ salts was suspected, a program was initiated
to calculate correct molecular polarizabilities for molecules like TCNQ and TTF
and for their radical ions , using INDO and MINDO/3i finite perturbation (FP)
techniques.61’62 These techniques have been applied successfully to small mole-
cules.63

~
7 Our approach ~s then to decompose the molecular polarizabi lity into

atom-in-molecule polarizabilities (whose sum yields the molecular polarizabi lity),
so that the local Coulomb field in the crystal could interact correctly with the
effective polarizability of each atom. Extreme demands had to be placed on the
quality of the INDO or MINDO/3 calculation , but molecular polarizabi lity
tensors whose terms were symmetric and independent of the applied field to
I part in lO s, have been calculated. Some initial results are given in TABLE 8.
The orientation of the polarizabi lity tensor is such that a 1 is along the long axis
of the TCNQ molecule, a2 is perpendicular to the long axis but is in the molecular
plane, and a3 is perpendicular to the TCNQ molecular plane. It is well known
that INDO-FP studies underestimate severely the polarization perpendicular to a
chemical bond, and so it is not surprising that a3 is much smaller than the value
obtained by a traditional (classical) polarizability calculation that used established

IMJNDO/3 is the computer program Modified Intermediate Neglect of Differential Over-
lap Version 3.

I-

_ _ _ _  - _ _ _ _ _ _ _ _ _ _  
_ _  _ _ _
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compilations.~’ The magnitude of a2 is not much affecte d by molecular geometry
or by the formal charge , and agrees nicely with the classical estimate (and this was
the value used in the note added in proof in Reference 12). However , the long-axis
polarizability a 1 is quite sensitive to molecular geometry, and to the formal charge.
One can safely say, then , that TCNQ is considerably more polarizable than
TCNQ°. The decomposition of the molecular polarizability has , however , pre-
sented some unexpected mathematical comp lications: althoug h nothing in the FP
formalism seems to require it , the atom-in-molecule polarizabi lity tensor is not
symmet rical (the sum over all atoms of the atom tensors is symmetrical). The
origin of this asymmetry seems to be in the manner in which the polariz ability
tensor is extracted from the dipole moment calculation: the INDO-CNDO/2-
MINDO/ 3 algorithm for the dipole moment neglects several contributions to it ,

• because similar contributions have also been ignored in the molecular Hamil-
toni an . At present , an effort is in progress to compute the dipole moment exactl y
(to over compute it), and to see whether such a procedure will exp lai n the asym-
metric atom-in-molecule polarizabilities. Even so, by keeping onl y the symmetric

TABLE 8
MOLECULAR POLAR IZABILITI E S (A 3 ) FOR TCNQ AND TCNQ FROM

CLAssIcAL CALCULATIONS AND FROM INDO FINITE PERTURBATION CALCULATIONS

Species TCNQ TCNQ TCNQ TCNQ
Cryst. Struct. TCNQ TTF TCNQ TTF TCNQ
Method INDO INDO INDO Class.
Reference 17 Il Il 68
Principal polarizabi lity tensor components

a1 79.33 91.49 126.48 39.16
a2 19.90 21.60 25.06 25.69
a3 5.83 5.86 5.91 15.28
GIve 35.02 39.65 52.49 26.7 1

par t of the atom-in-molecule polarizability tensor , the atom polarizabilit es ob- -

ta m ed do appear quite reasonable.
Once decent polarizabi lities are secured , the polarization energy will be re-

computed for the SSR , SSA, SCA , and SCR TCNQ salts, and some of the short-
falls described above in the previous section may go away. However , there is ample
room for some extended Hubbard model estimates of E,, for any and all of these
salts.

There is also a crying need for good old-fashioned thermochemical measure-
ments of the heat of formation of all these TCNQ salts. The requirement of large
samples that must undergo utter destructive testing can be cut down by designing
sensitive microcombustion calorimeters , which can burn 50 mg instead of 500 mg
per run.

Finally, it is conceivable that a proper marriage of the traditional cohesive
energy algorithms with techniques derived from second quantization will yield
rapid advances in explaining what keeps quasi-one-dimensional organic metals
bound, and perhaps, what structural and electronic parameters confer on some of
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them the unusual properties that have made them such exciting new materials for
all of us.
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DISCUSSION OF THE PAPER

AARON BLOCH (Johns Hopkins Univ., Baltimore, Md.): In the Born-Habe r
cycle there is a subtle problem when one is dealing with a fractional charge trans-
fer. You are comparing the energy of a crystal with the energy of some kind of

• partially ion ized gas, and the gas you have chosen is a mixed gas of neutrals and
ions corresponding to the correct degree of charge transfer. In comparing that with 3
a Madelung energy, you are assuming that the cost of ionizing the lattice for
charge transfer 0.6, say, is six-tenths of the ionization potential of the individual
molecule. It is not clear that the internal energy of a molecule with six tenths of a
char ge on it is six tenths of the energy of a fu lly charged ion. These di fferences can
be very substantial.

METZGE R : I agree. They may be of the order 2— 3 eV .
B. DAVID SILVERMAN (IBM , Yorktown Heights, N. Y.): For the few incom-

pletely charge-transferred I: I segregated stack compounds , the calculated
Madelung energy at full charge transfer is apparentl y less than the cost of ionizing
the individual molecules. Perhaps one could use this as a simple criterion for in-
complete charge transfer in the I : I salts. We have recently shown such a rule to
work for HMTT F TCNQ.

EPSTEIN (Xerox Webster Research Center . Rochester . N. Y.) : There is equally
as good evidence from inelas tic electron scattering (which is a bulk measure-
ment) of the nitrogen Is level in TTF TCNQ to indicate that there is only a
single kind of nitrogen in the material , and hence you do not have a Wigner crys-
tal. Also, with regard to which class of these organic salts do not contribute suffi-
cient Madelung energy to the binding, I suggest it is those where both the donor
and acceptor are large planar molecules, rather than the organic metals. In this
case, you cannot get a close enough approach to get a sufficient Madelung energy
to overcome the ‘D EA.

METZ GER : It is true that if you have segregated stacks compr ised of large
molecules, the coordination around an ion can be very poor in terms of Madelung
forces.

_ _-    • -_ . - - • • • -   L
-k- - -



ELECTRON INTERACTIONS
WITH MOLECULAR VIBRATIONS:

THEIR NATURE AND CONSEQUENCES*

C.B. Duke
Xerox Webster Research Center

Xerox Square-I 14
Rochester . New York 14644

INTRODUCTION

Altho ugh a decade ago electron interactions with intramolecular vibrations
were widely regarded as the mai n limi tat ion on the (room temperatu re) mobi l ity
of insulating (e.g., van der Waals) molecular solids ,’~

2 it recently has become
evident 3’4 that lower energy acoustical and/or librational modes, ~f~w � icT, are
responsible for this phenomenon. Simultaneously, models of the stat icSS and

• dynamic7’8 cond uctivity, as well as the charge-density-wave ground state9 ~ of
quasi-o ne-dimensional organic charge-transfer complexes and radical ion salts ,
have been proposed in which the electronic interactions with intramolecular vi-
brations dominate the observed phenomena. In this paper we present a brief
synopsis of several recent studies 2”2~

7 of electron in teractions with molecula r
vibrations in larger planar organic molecules. In particular , we emp hasize the
consequences of these studies for the interpretation both of gas-phase photo-
emission and UV absorption spectra and of the transport and “optical” (including
infrared) prop er ties of organic solids embodying such molecules. The electron-
intramolecular-vibration interactions constitute one of the major features of or-
gan ic “metals” and semiconductors which are characteristic of the organic solid
state, are absent in conventional covalent and metallic solids, and are a dominant
influence on the transport , optical, and charge-aensity-wave ground-state prop-
erties of segregated-stack linear chain organic solids. Consequentl y, a detailed
analysis of these interactio ns is a necessa ry pre requisite for constructing a quanti -
tative theoretical description of the electronic structure of organic materials ,
including polymers.4”8”9

We proceed by first reviewing in the next section the basic features of the
linear-coupling model . The sections EMPIRICAL ANALYSES and MicRoscoPIc
ANALYSES are devoted to brief surveys of its empirical and microscopic applica-
tions, respectively. In SOLID-STATE CONSEQUENCES we indicate the consequences
of the model results for analyses of the electronic properties of organic solids.

LINEAR COUPLING MODEL

In principle , an analysis of photoemission spectra and the properties of charge-
transfer and radical ion salts requires the explicit evaluation of the electronic

Manuscript received Sept . 16, 1977.

166
0077- 8923/78/0313 -0166 11.7 5/ I  ~ 1978 , NYAS



Duke: Electron Interactions 167

struct ure of molecular ion states. In the case of rigid planar molecules like the
polyacenes, however , a sim pler one-electron molecular orbital model suffices be-
cause the neutral molecule and molecular ion exhibit the same symmetry. 2”2”3 In
this model , sometimes re ferred to as the “Princi pal Model” in the Soviet litera-
tu re,~ the ion state is described in a one-electron approximation so that the
linea r electron-vibration coupling of an anion (cation) is that characteristic of the
ex tra occupied (empty) orbital of the neutral molecule. Whereas cha nges in the
normal mode frequencies rigorousl y m ust be neglected2° in the Principal Model ,
it is a simple matte r to include them in model calculations , and this inclusion has
been made in most of the an alyses con sidered below .

Two types of linear coupling between the electronic and intramolecular vibra-
tional degrees of freedom occur: diagonal and off diagonal. The off-diagonal
terms are those which mix different molecular orbitals , most importantl y those of
different symmetries. Consequently, the terms of interest are associated with non-
totally-symmetric (n .t .s.) modes of the molecule and cause the l-Ierzberg-Teller
effect (the rendering of forbidden transitions allowed by virtue of the coup ling of
the transition state to one or more n.t .s. modes21 ). Recent calculations reveal that
afte r years of controversy, a considerat ion of these off- diagonal linear cou pli ng
ter ms yields a quantitative description of the i~ ~~ ~~ transitions in gaseous
benzene 22

~
23 provided adequate models of the molecular vibration normal modes

and of the molecular orbitals of benzene are utilized. Since the off-diagonal terms
rarely play a major role in solid-state charge or exciton transport , however , we do
not consider them further here,

Our interest resides in the diagonal linear electron interactions with intra-
molecular vibrations. These interactions result from the modulation of the mo-
lecu lar orbita l eigen val ues (or t ran sition state energ ies) by intramolecular vibra-
tional norma l modes. The terms li near in the normal mode coord i nates m ust be
associated with totall y symmetric (t.s.) vibrations for nondegenerate electronic
states,2 altho ugh more complex linear couplings involving certain n.t .s. vibra-
tions occur for degenerate electronic states. ’3 This result emerges naturally from
group theoretic symmetry arguments. 2”3 It is obvious ph ysically for the Principal
M odel , because the linear coupling of an electronic state to a n.t.s. mode leads to a
change in the symmetry of the molecule in that state: an effect which the Principal
Model neglects by construction. 20

Stated mathematically, the linear electron-intramolecular-vibration coupling
constants , f g.,~1), for a molecular orbital labeled by ~y are defined by expanding
the orbital eigenvalues , E7, in terms of dimensionless vibrational normal mode
coordinates , i.e.:

E.,(~Q, l)  — E~(lOJ) + 
~~~ ~~ 

Q, + 

~ ~~~ ~~~~~~~~~~ 

+ ... (1)

The normal coordinates Q~ are related to the lattice displacement vectors e~ —
— ~~~ by well-known relationships.~ The linear terms in Q~ in (1) cor-

respond to the linear electron-intramolecular-vibration interactions. The cor-
responding coupling constants are defined by writing (1) in second-quantized
form 2”3

-r — - - -  - - - — — - --—
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H — 
E 

E,,(0)C.,4C, + ~~~ + + ~~ g.,j fiw,C.,tC., (b,t + b,)

(2)

in wh ich i denotes the vibratio nal quantum modes, C,t and b,t are the creation
operators associated with the electronic orbital and vib ration qu anta of energies
E., and-ftw,, respectively. The fg.,,) are the desired dimensionless linear electron-
intramolecular-vibration coupli ng consta nts given by

— 
1 

(3g.,, I .

~~~~ ~öQ,,0

An important property of 1-lamiltonian (2) is that it can be solved exactly,2 thereby
providing a simple anal ytical form for the intensity distribution in the vibrational
struct ure associated with transiti ons between eigenstates of the Hamiltonia n (2). In
addition , the lowering in energy of a given orbital ‘y due to its interaction with the
molecular vibrations , ofte n referred to as “polaron binding energy,” is given by 2”3

— ~~ g.,,2(’fIw,). (4)

Two qualitatively different approaches may be taken to evaluate the coupling
constants ~g.,, ~. In the empirical approach2~

8 2 I4a0~~~26 they are obtained by
fitting observed photoemission , absorption , and fl uorescence spectra , using the

as adjustable parameters. In the microscopic approach2”2”3”3 ’7~~ 3’ they
are eva lu ated by a molecu lar orbita l model for the E., , (f Q, ~) and a force-field
model for the I Q I I .  We consider each of these in turn in the following two sections.

EMPIRICAL ANALYSES

If a perturbation V (e.g. a light wave) induces a transition between two elec-
tronic states, each of which is described by (2), then neglecting thermally ~t mu-
lated vib ratio ns that t ransit ion probabi l ity between these states is given in
closed form by2

— 
~~~ ~

<
~~

“ I V I  exp (—
~~~~~~~ 

S7.7(i)) P.i ..t (E)~ (Sa)

S,..,(i) — (g.,., — g.~,)
2, (Sb)

((E - E., + E.,. - E k(1~w
i) \~~

— CXP 
2 1k I . . . . k A — O %/ \ I, I

[j (5,,,(j )J 2 (Sc)
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E., = — ~~ g.,,2-hwj , (Sd)

in which we have taken the zero-vibration spectral density to be a Gaussian of
width F (associated , e.g., with instrumental resolution). By treating the 1g.,,)
and 1’s’,I as adjustable parameters, these quantities m ay be determined from mea-
sured photoemission ,2”2 ’4~ UV absorption ,2~3ao~26 or fluorescence 2° spectra. In
the case of radical ion salts, the ~g.,, also can be obtained by an analogous
analysis of IR spectra for either charge-density-wave8 or dimer 32 ground-state
geomet ries of segregated-stack organic linear chain solids.

Detailed analyses of the in tensities of photoem ission spectra , using (5), have
been given for benzene,2”2”3 deuterobenzene,’2”3 and the fluorobenzenes . ’4 Equiv-
alent anal yses of UV absorption spectra have been given through the years for
benzene,l.13a°.33 naphthalene,33 anthracene ,33 dipheny lhexatriene ,20 N 2,26 CO,26

and a va riety of organic dyes.20 In some of these studies the UV spectra of mole-
cules in solution or embedded in solid state matrices were examined , so that the
quoted values of 1g.,,) may not coincide exactly with those extracted from gas-
phase studies. Tables of empirical values of 1g.,,) are given by Li pari et a!. ,13

Sheka ,26 Fra n k -K amenetskii and Lu kashi n ,2° and by Cederbaum and Domcke .26

MICROSCOPIC ANALYSES

While it m ay appear simple and attractive to extract the 1g.,,) directly from
experimental spectra, microscopic evaluations of these quantities are desirable for
several reaso ns. First , they afford considerable insight into the physical origi n of
the electron-vibration coupling constants in terms of molecular wave functions
and vibrational normal-mode coordinates. From such insi ght one can usefu ll y esti-
mate the )g.,,) for complex molecules in the absence of detailed (and expensive) -

computations. Second , the successful description of vibronic fine structure is an
important confirmation of the validity of microscopic models of molecular elec-
tron ic structure . Third , the -1g.,,) required for solid-state applications are not
always accessible to direct empirical determination. For example, the coupling - 

-

constants for TCNQ in TCNQ charge-transfer salts cannot be inferred directly
from the gas-phase photoemission or optical spectra of TCNQ. They either must
be calculated via the intermediary of molecular orbital and normal-mode force-
field m odels I5 , 16 or must be obtained from IR spectra of segregated-stack linear
chain TCNQ salts vi a the interm edia ry of fu rther microscopic models of these
spectra.7

~
32 Finall y, the resolution of experimental UV or photoernission spectra

may well be inadequate to extract a uni que set of 1 g.,,) from the decon volution
of the spectra using (5). This situation occurs , for examp le, for photoemission
from both TTF’6 and TCNQ,’5”6 and renders a microscopic model necessa ry
a priori to interpret vibronic phenomenon even for gas-phase spectra.

Two microscopic procedures have been developed in recent years to evaluate
tue tg,,). Historically the first is the Green ’s function ab initio method of Ceder-
baum and coworkers ,27’3’ which uses Har tree Fock molecula r orbitals as the i nput
ekctron sc structure information in a calculation of the one electron spectral

_ _ _ _  L
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density that can be improved by well-k nown~ many-body diagrammatic summa-
tions as the need arises. This method has been app lied with considerable success -

to wate r ,25 formaldeh yde,26’28 dideuter oformaldeh yde,~ N 2,26’37 CO,~~
7 cyan-

ogen ,~ and benzene.20 The second procedure 2
~

3 is the utilization of a spec-
troscopica lly para meterized CNDO molecular orbital model in concert with spec-
troscopica lly tested molecular-vibration force-field models to evaluate directly
the (oE ,/ oQ,) 0 in (1) and (3). This method is less expensive to apply th an
the Green’s Function method and hence is better suited for the study of complex
molecules. It has been applied successfully to benzene,2

~’2”3 deuteroben zene, ’2~
3

TCNQ , ’5”6 and TTF.’6 Both methods give compa rable descriptions of the
electron-vibration coupli ng in the e,,f r) and a 2~fr) states of C6H6~ : the only
cases in which they both have been applied.2”2”3’3°

In order to illustrate the n ature of the in sight affo rded by the microscopic
models into the physical origin of the I g.,,, ~, we consider briefl y the cases of TTF
and TCNQ, since we shall utili ze these results in the followi ng section . The
molecular orbital model employed is the CNDO/S3 model 35 ~ and the vibratio nal

~3O52 6

V2 2230 v7~726

>~< ~~~~~~~ FIGURE 1. Schematic diagra m
of the normal mode amp lit udes
for the ten a~ symmetry vibrations 

-

7.~”l6O2 &~~6OO

l~~x I453 zy 338

>~K>~6
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normal modes are described using a modified valence force field model.~ The
detailed description of the calculations and results is given elsewhere. ’5’36

The points of interpretation we wish to emphasize are that the electron-intra-
molecular-vibration coupling constants depend sensitively on the wave function of
the molecular orbital (or exciton state) being considered (i.e., not on the total
charge density), and that this sensitivity can be understood easily by inspection of
these wave functions and the normal mode coordinates of the intramolecular
vibrations. To illustrate these concepts we indicate the normal mode coordinates
for the a, (i.e., t.s.) modes in TCNQ and TTF in FIGURES I and 2, respectively.
In FIGURES 3 and 4 we show the highest energy occupied and lowest energy unoc-

‘V

• 
-~~~~~~~~ ~~~~~~~~~~~~~~~~~
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cupied orbitals of neutral TCNQ and TTF, respectively. Finally, the calculated ”
1g.,, ) associated with these orbitals are given in TABLES 1 and 2 for TCNQ and
TTF, respectively. The 1g.,,) associated with the extra occupied [b2,(T)J orbital
in TCNQ also are presented in TABLE I in order to display the generally modest
(generally Less than 10%, always less than 45%) shifts in the values of these quan-
tities between TCNQ and TCNQ . The former is, of course, appropriate for our -

HIGHEST OCCUPIED ORBITAL b iu(JT)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LOWEST EMPTY ORBITAL b29 (w)

FIGURE 3. The highest occupied molecular orbital , b,Nf r) ,  and the lowest empty orbi-
tal, b2,(i ’) , of TCNQ. The coefficients in the expansi on of the molecular orbitals in
terms of the atomic p~ Slater-type orbitals are indicated .

considerations herein , because the other orbitals relax ’3 when the b2,fr) orbital
is occupied to form TCNQ . Stated in physical terms, it is the change in charge
density between the neutral and ionic state that determines the electron-intra-
molecular-vibration coupling associated with the transition between these two
states. In the CNDO/S3 semiempirica l formalism , this change happens to be —

described (by construction) by the orbital which is empited or filled during the

- ,,
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HIGHEST OCCUPIED ORBITAL b1,,1I)

LOWEST EMPTY ORBITAL b~~(V)

FIGURE 4. The highest occupied molecular orbita l, b , M ( T) ,  and the lowest empty orbi-
tal, b3,(r), of Tl’F. The coefficients in the expansion of the molecular orbitals in terms
of the atomic p~ Slater-type orbitals are indicated.

TABLE I
CNDO/S3 DIAGONAL LINEAR ELECTRON- I NTR AMOLECULAR VIBRATION

COUPLING CONSTANTS FOR THE HIGHEST ENERGY OCCUPIED
AND LOWEST ENERGY UNOCCUPIED ORBITAL IN TCNQ9

Energy Highest Occupied Lowest Empty b21( i ’) Orbital
Vibration (cm ’) Orbital b,~(i) Orbital b21(i’) of TCNQ—

3048 0.0 0.01 0.01
2229 0.05 0.19 0.20

v3 1602 0.03 0.66 0.71
P4 1454 0.23 0.27 0.21

1207 0.l6 0.19 0.18
948 0.12 0.25 0.17
711 0.27 0.37 0.21
602 0.09 0.03 0.03

‘9 334 0.19 0.58 0.70
144 0,01 - 0.49 0.90

For comparison, those associated with the highest occupied (i.e., b25fr)) orbital in
TCNQ are also given.

_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - 
- 

•
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course of the transition , although more complicated methodologies for its estima-
tion cxis t ,’ ’3 ’ 3’

To determine which of the g.,, are likely to be large for a given electronic orbital
y, we note that the molecular wave function is given by

— R) = LC., ,~~,(r — R , — R) (6 )

for a molecule with center of mass coordinate R and atoms at positions R ,. The
summation index over atomic orbital types is suppressed in (6) for convenience.
Large g,,j result when two neighboring atoms both have large C,,, and vibrate
against each other in the f ib  normal mode. Thus, from FIGURES 1 and 3 we would
expect that for the b2 ’.(ir) orbital of TCNQ the v2, v3, P4, F5, v6, v , is9, and is,0

normal modes would exhibit appreciable g.,,, whereas the g.,,, of the is, and Pg

normal modes should be quite small. TABLE I reveals such to be the case. Note in
particular the weak coupling to the is9 C-N shear mode because of the small value

TABLE 2
CNDO/S3 DIAGONAL LINEAR ELECTRON-INTRAMOLECULAR-VIBRATION

COUPLING CONSTANTS FOR THE HIGHEST ENERGY OCCUPIED AND
THE LOWEST ENERGY UNOCCUPIED MOLECULAR ORB ITALS IN TTF

Highest Occupied Lowest Em pty
Energy Orbital Orbital

Vib ration (cm~~) b,~f r )  b350r)
is, 3083 0.03 0.04 ;- -

“2 1555 0.23 0.37
is3 1518 0.62 0.38
is4 1094 0.16 0.36
is5 736 0.49 0.29

= - -- 475 1.33 0.23
“_7 245 0.16 0.03

of C,, on the cyanocarbon species for the b21(ir) orbital. The small values of
these C,,, render the coupling to the is2 C-N stretch modes appreciable only be-
cause of the out-of-phase vibration between the nei~hboring carbon atoms, as
well. Therefore , simple arguments in the literature 0,17,39 involing C-N stretch -

modes as a major source of electron-vibration coupling for the extra electron on
TCNQ are seriously in error.

Analogous considerations may be constructed from FIGURES 2 and 4 for the
b,1(s~) orbital characteristic of holes on TTF .~ The large C.,, for the central two
carbons suggests that v~ is strongly coupled to the b, 1(ir) orbital. The large values
of the C.,,, for the other eight carbon species as well indicate that v~ and v~ also
should exhibit strong coupling. These expectations are indeed borne out by TABLE
2. Conversely, the nodes on the central carbons in the b3,(ir) orbital reveal that
the coupling of p3 and v should be greatly diminished for this orbital relative
to the b,1(s) orbital. Again , this result is documented handsomely by TABLE 2.
Similarily, the larger values of the C.,, for the four end carbons in the b3,(-r)

_ . —— - -_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  L~~..



Duke: Electron Interactions 175

relative to the b,Nfr) orbital lead to its greater coupling to the ‘.2 and i’~ vibra-
tions.

These two examples of TCNQ and TTF valence electron orbitals do, there-
fore , display clearly our major conclusions from this section. First, the 1g.,,) are
indeed sensitive functions of orbital (or exciton ) wave fu nctions rather tha n total
charge densities. Second, if the 4 y(r) and normal mode coordinates are known
even qu alitatively, physical estimates of the I g,,,) can be obtained almost by in-
spection. Third , the numerous low-frequency a’. molecular vibr ations in TTF and
TCNQ lead to broad, relatively featureless vibration al progressions, which , how-
ever , are in satisfactory accord with the CNDO/S3 model predictions. ’5 Therefore —

for these molecules, a microscopic analysis is a necessity, not a luxury, in analyz-
ing vibronic fine structure in gas-phase photoemission and absorption spectra.
Fourth and finally, a quantitative microscopic anal ysis is required to estimate the

on such cases, since simple arguments based on chemical bonding con-
cepts’°”-i’39 failed to provide even a semiquantitative estimate of these quantities
in the case of TCNQ.’5”

SOLID-STATE CONSEQUENCES

The Hamiltonian descrioing diagonal linear electràn-intramolecular-vibra-
tions in the solid state is obtained by summing the linear coupling term in (2)
over all the molecular sites, R, in the solid. Furthermore , for nonoverlapping
tight binding bands the Bloch states are given by

~
, 

~~~~ 
~~ exp(ik. R) 

4’ (r — R) (7)
“ a -~/7~ 

“

in which 4’., (r — R) is spectified by (6). A similar expansion relates the crystal
phonons built from intramolecular normal modes to the molecular normal mode

- coordinates lQ~). Al lowing for some purely electronic m ixing of the E,(O) eigen- -

values and lattice dynamic mixing of the w~ eigenvalues . leads to the solid-state - 
- - 

-

Hamiltonian 9

H E e.,(k) Ck,,tCk,, + E .Icw , (k)[ b~,t bk, + 
- 

-

- 

k,I

+ N ’12 ~~~ g.,,liw, ~~ Ck _ q.,tCk, (b,,,t + b. ,,). (8)

Equation 8 reveals that the 1g.,, obtained from molecular spectroscopy are pre-
cisely those which occur in a tight-binding model of the solid State energy bands.
Consequently, our considerations of the preceeding three sections are directly
applicable to the description of solid-state properties. A similar Hamiltonian con-
tinues to describe the solid even when the occurrence of strong intramolecular

- :• Coulomb repulsions for doubly occupied orbitals is incorporated into the mode) .40

A complete treatment of solid-state properties Incorpora tIng the consequences

~
j - - - -

~ ~
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• both of coupling to intramolecular vibrations and of intramolecular Coulomb
interactions has not yet been reported. One-electron band model analyses , based
on (8) and the ~g,,,) for TCNQ, of the dc transport properties of segregated-stack
linear-chain salts of N-methylphenazinium,5 quino linium ,6 acridinium ,6 acri-
dizinium ,’ and TTF” have been given , however , in which the strong temperature
dependence of the mobility caused by electron scattering from the low-frequency
moLecular vibrations suffices to describe quite adequately dc conductivity (and
thermopower) data. The “anomolous” ac conductivity in the infrared of a charge-
density-wave TCNQ salt, (triethy l ammonium) (TCNQ)2 , has been inter preted

— successfully utilizing ($),8 Moreover , an elegant analysis of the anomolous IR
activity of K (TCNQ) has been based on a generalization of (S) to include explicitly
the -consequences of both intra- and intermolecular Coulomb interactions for the
electronic states of the TCNQ dimers characteristic of this material. 32 The output
of this analysis is a set of {g.,,) and 1w ,) that are extracted from a model fit
to the IR reflectivity . These agree with th e calcu lated values ’5”6 to within the
uncertai nties inhe rent in the two an alysis.

We conclude from these examinations of the ac and dc conductivity of segre-
: gated stack linea r chain materials that for these materials electron interactions

with int ramolecular vibrations play a dominant role in determining the electronic -
transport properties. These interactions also may play a dominant role in deter-
mining vibration-assisted tunneling through adsorbed TCNQ complexes,42 an im-
portant phenomenon for developing a quantitative understanding of the resonant 

-tunneling mechanism 43 of this process. —

Turning finally to the issue of molecular engineering to achieve higher con-
ductivity quasi-one-dimensional organic metals , we note at the outset that different
criteria apply in the cases of one-electron band models~

6’4’ and charge-density-
wave (CDW) models. 9’39 In the former case, mobility enhancements may arise
either from reducing the lg.,~) for the low-frequency intramolecular modes , i .e.,
those for which

llw, - < W  (9)
in which W designates the one-electron bandwidth , or fro m adjusting both the
1~w, and the bandwidth so that fewer vib rations satisfy inequality (9). In the CDW
case, however, it is a measure of elect ron ic coup ling to all the intra molecu la r
modes; i.e.,9

A — N(E F) ~ g,,,2/ *w,, (10)

which should be minimized to reduce the tendency toward CDW instability. The -

quantity N(E,) is the density of one-electron states at the one-electron Fermi
energy that would have existed in the absence of the CDW instability.

The central question for molecular engineering, however, is the extent to which
the respectably complica ted microscopic models described above are able to pro-
vide useful insight into the a priori identification of new materials exhibitin g some
desirable property like metallic conductivity. Given the fact that quantitative
molecular orbital and valence force field models are required for adequate micro-
scopic analyses, it seems unlikely that such analyses will prove broadly useful for
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new materials identification. Moreover , there remains considerable uncertainty
concerning the details of the interplay between the one-electron hopping integrals
(i.e., bandwidths), the electron-vibration interactions , and the Coulomb inter-
actions in determi ning the physical properties of organic solids. These considera-
tions do not lead to optimism about the near-term success of efforts at the quan-
titative molecular engineering of new materials properties, although empirical
materials screening criteria are both available and helpful. Such criteria dealing
with the electron-molecular-vibration interaction have been proposed by Peristein
et al.” It is evident both from their work and from the foregoing microscopic
considerations that in the segregated-stack systems, high conductivity is enhanced -

by low electron-molecular-vibration coupling, which , in turn , is achieved by using
relatively rigid molecules. The empirical criteria of Perlstein et al., are guidelines
for the selection of suitably rigid molecules (specifically, molecu les for which the
neutral molecule and the radical ions exhibit the same symmetry). They do not,
however , address the important issue of trade-offs between the electron-vibration
interactions and the other physical phenomena involved in obtaining high mobil-
ity and high conductivity in organic solids.

We conclude, therefore, that electron interactions with molecular vib rations
play a central role in limiting the mobility of segregated-stack linear-chain organic
solids. They also probably are involved in the structural changes thoug ht to be
associated with charge-density waves in some of these materials. The microscopic
understa ndi ng of the nature and origin of electron- molecular-vibration interac-
tions is h igh ly developed for certain molecules , most notably ben zene, TTF, and
TCNQ. Some of this understanding has been app lied rather successfully in analy-
ses of transport in segregated-stack linear-chain mater ials based on TCNQ. It
seems improbable, however , that the empirical or microscopic models considered
above of electron-molecular-vibration interactions will prove broadl y useful i n the
near futu re for the quantitative a priori molecu lar engineering of organic metals
with prescribed transport properties.
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THE ROLE OF LIBRONS
IN QUASI-ONE-D ORGANIC CONDUCTORS*

H. Morawitz
IBM Research Laboratory
San Jose , California 95193

INTRODUCTION

The organic charge-transfer salts , which form segregated stacks such as TTF-
TCNQ and its vario us chemical modi fications,’ have been intensively investigated
in the past few years as a consequence of their highly anisotropic transport
properties.

Of particular interest is the occurrence and origin of the metal-insulator transi-
tion at 54K and the additional phase transitions in the temperature regime im-
mediately below. Although the metal-insulator transition shows the predicted
signatures of a Peierls transition such as a Kohn anomaly at temperatures above
the ordering temperature as well as diffuse x-ray scattering, it has become apparent
in the most recent x-ray and neutron-scattering experiments 2’3 that the transition
is not driven by a softening long itudinal acoustic phonon.

We emphasize in this paper the consequences of the additional orientational
degrees of freedom, which arise from the internal structure of the molecules. It is
highly likely that these modes referred to as librons in molecular crystals couple
strongly to the conduction band , since considerable charge density is foun d at the
extremities of the rad ical ion species where the spatial displacement is la rgest. I n
addition , strong mixing occurs at low-symmetry points of the Brillouin zone be-
tween translational and rotational motion, where degeneracies in the various
acoustic phonon and libron branches appear.

HYBRIDIZED PHONON -LIBRON BRANCHES AND NEUTRON

AND X-RAY SCATTERING EXPERIMENTS

The possibi lity of an or ien tational Peier ls transition based on the coupl ing of
the electron conduction ba nd to torsion al modes of a single stack was proposed
some time ago.4’5 It was shown there in a simple model that the Peierls mechanism
could affect the orientation of the molecules in the stack , instead of their center
of mass positions. The reduction of the translational symmetry along the stack
axis due to small changes in tilt of the order of a degree would be sufficient to
produce a gap in the electronic spectrum to drive the metal-insulator transition —

observed. Some indication of such effects have recently been reported , in
TTF7-Br 56 and TSeF-TCNQ,7 although the situation is not completely resolved
for the latter system inasmuch as intramolecular modes of the appropriate sym-
metry may also be responsible for the observed diffuse x-ray scattering. The

*Manu ~~ript received June 2, 1977.
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defi nitive test for the composition of the local molecular motion in terms of its
translational and rotatio nal compon ents is the calculat ion of the behavior of the
stru cture factor in reciprocal space for scatter ing fr om the actual pho non and
libron branches of the system. Unfortunatel y, a detailed calculation of the lattice
dyna mics of organic charge-transfer crystals with 4 molecules per unit cell is a
prohibitivel y complex task and h as not been completed to date . The method of
using atom-atom potentials summed over the constituent atoms of the stack
molecu les to some third or fo u rth nearest neighbor shell to derive the intermolecu-
lar potential fu nct ions8’9 is awkward because of the large number of atoms
involved.

In addition , the presence of charges and the resulting comp lications due to
screen ing fu rther comp licate the problem , since static an d dynamic Coulom b con-
tributions have to be included in a first-principles calculation of the phonon and
libron frequencies in the first Bri llouin zone. Nevertheless , the ex per ience acqui red
with simp ler molecula r crystals such as n apht halene ’° gives some insight in to the
in terplay of trans latio n al an d rotatio n al motion at degeneracy and other points
of the Bri llouin zone. Furthermore , altho ugh attempts to detect the low-lyi ng
libronic branches in TTF-TCNQ by Raman scattering experiments have not been
successfu l to date, recent R aman m easureme nts 11 on the molecular crystals TTF
and TCNQ° indicate several low-ly ing l ibron ic branches .

We therefore simply calculate the appropriate structure factors for x-ray and
neutron scattering in reciprocal space for various modepatterns consisting of
linear superpositions of translational and rotational displacements of the stack
molecules. In particular , we investigate rotational motion about the molecular
plane , since in ma ny cases the in ertial axes foun d are close to the molecular sym-
metry axes . Large thermal amplitudes are also common to these motions , as seen
in room-temperature x-ray studies.

LIBRON- I NDUCED EFFECTS ON ELECTRONIC AND ELASTIC PROPERTIES

The low excitation energies (‘hwL < 50 cm — I
) of the libratio nal branches in

organ ic solids and their fl at dispersion (Einstei n modes) suggest that their ex istence
can markedly affect the temperature dependence of electronic and lattice prop-
erties in the regime T �IIW L/ k B i.e., between 30°K and room temperatur e. We -

present an estimate of the contribution of electron-lib ron scattering to the resistiv-
ity by making a golden-rule calculation for the cross-section of electron-2 libron
processes. At temperatures larger than lOO°K the libron population factor n L =
(exp (f iw L/k B T) — l)~~ can be expanded in (f f w L/k n T) and directly leads to a
simple quadratic temperature dependence of the conductivity as observed. ’2

The electron-scattering time deduced from such a model also gives reasonable
agreement with the exper imental values derived from a Drude analysis of the
optical data .’3

The elastic properties of TTF-TCNQ have recently been determined by several
workers ’4”5 and reflect the anisotropic properties of these materials . We point
out that direct analog ies to polymer phonon properties’6 are present, since the
intrastack forces in segregated stack organ ic solids are considerably large r than
the interstack interactions , suggesti ng treatmen t of th e individ ua l stacks in terms
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of their translatio n al and torsional modes, followed by a pertu rbative inclusion of
interstack forces. —

The attempt to fit a single Debye temperature to the observed expansivity
data ’7 at diffe rent temperatures fails , because half the 4 x 6N external degrees of
freedom are orientational and lead to sets of flat librons (Einstein-like oscillators),
which intersect the acoustic branches in the Bril louin zone. These dispersionless

- lib ron bran ches before thei r hybridi zation with the various acoustic branches at -

degenerate energy eigenva lues also give a distincti ve contrib ution to the lattice
specifi c heat as opposed to the T3 dependence due to acoustic phonons. Recent
experiments on the elastic properties by a measurement of the sound velocities
along diff erent crystal axes as a fu nction of temperature ’8 suggest such behavior
arou nd the metal-insulator transition T~ = 54’K , indicating that some of the
libron branches have energies below that value.

SUMMARY AND CONCLUSION

We have shown that the existence of the additional orientational degrees of
freedom , which give rise to low-lyi ng lattice excitations (librons) has profound
consequences on the nature of the Peierls instability in these quasi-one-dimen-
sional systems. In particula r , it seems quite possible that at the observed val ue
of q, = 2k~ = 0.29b* the rotation al and translational modes are strongly hy-
bridi zed. The intriguing possibility of exp lai n ing the 4k~ instability as a harmon ic
arising from dipolar modulation of the charge-density wave structure at 2k~ was
~ecently proposed.’9’2° The consequences of the mixed-mode character for the
reciprocal space dependence of the structure factor observed in x-ray and neutron-
scattering experi men ts are calculated in a sim ple model for the rotationa l and —

translational displacements of the mode. The rotational motion of the stack mole-
- cules can also stro ng ly modu late the electron ic tra nsfer integral and cause strong -

electron-libron coupling. A straightfo rward explan ation for the observed T2
behavior of the conductivity arises from quadratic electron-2 libron çrocesses, and
reasonable values for the electron scattering times are obtained within the same
model. The physical origin of the strong s~-electron-libron interaction is the nodal - - -

pattern of the i-electron wave-function , which leads to m ax im al overla p for a
dimer geometry slipped by ~ of the molecular size along the long axis of the
molecu le, and can be strongly affected by relative rotatio n al cha nges of the
molecular planes.

The consequence of the existence of many low-l ying libronic branches for the
elastic properties of organic conductors is the inadequacy of a sing le Debye
temperature to describe the elastic behavior and expansivities. In addition the
heat capacity will deviate from a T3 behavior and should show several Einstein- —

like con tributions due to librons between 20 and 200 cm~~.
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CHARGE TRANSPORT IN MOLECULAR
CONDUCTORS: ROLE OF MOBILITY*

Arthur J. Epstein , Esther M. Conwell , and Joel S. Millert
Xerox Webster Research Center

Rochester, New York 14644

INTRODUCTION

Numero us molecular conductors have been studied in recent years because of
ma n y novel physical and chemical properties atyp ical of molecular solids . Par-
ticu la r emp hasis has been placed upon understanding the magnitude and the
temperature dependence of the dc conductivity of quasi-one-dimensional , l-D ,
materials . ’2 There are many similarities among the more hi ghl y conducting seg-
regated stack molecular conductors. These materials typically contain parallel
segregated chains of large planar open-shell molecules. The counterion may or may
not be either open shell or pla nar. For example , the highly cond ucting com pou nds
based on the acceptor 7,7,8,8-tetracyano-p-quinodimethane (TCNQ), I , consist of
parallel stacks of TCNQ and paral lel stacks of either closed shell (e.g., N-methy l-
phenazini u m ,3~

4 NMP ~, 2), or open shell (e.g., tet rathia fu lval en iu m ,55 TTF , 3)
cou nterions. Similarl y, the h ighl y conducti ng compo u nds based on the donor
TTF, for examp le, consist of parallel stacks of TTF and parallel stacks of either
closed shell (e.g., thiocyanate6) or open-shell (e.g., TCNQ5) molecules. 4

• N H H N H CH 3 H +
• \\\ / ‘I I I IC ‘

~.
-_ ‘ C H c N C H\ ,~-—c / ~~~~~~~~ ~~~ ~c-~ ~~~

d H H ~~~~~N 
~~~~~~~~~~~~~~~~~~~~~~

TCNQ NMP~
1 2

H~~~~s
II II

H~~~~~S

TTF
3
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Many of these compounds have molecules uniforml y spaced along the stacks .
In a one-electron picture these materials have a partially filled conduction band ,
suggesting that they are metallic, examples being (NMP)(TCNQ) 3’1’8 and (Qn)-
(TCNQ)2 where Qn is quino linium. in addition , the closed-shell cations in systems
such as (NMP) (TCNQ) and (QnXTCNQ)2 have only C2, and C, symmetry, re-
spectivel y. Their orientation in the crystal structure is usually random ,3’9 although
crystals of (NMP) (TCNQ) with ordered cations have been reported.4 FIGURE I
illustrates the crystal structure of these systems with that of(NMPXTCNQ). 3

The temperature dependence of the dc conductivity of molecular conductors
falls in to three general classes:

I . Those system s wit h a strongly temperature-activated conductivity, such as
(a lka l i4 )a(TCNQ )m .8 These materia ls show a single linear behavior on log or
versus T~ plots as illustrated , for example, by the b-axis conductivity of
Cs2( TCNQ)3, U FIGURE 2. Generall y, the dc conductivity at room temperature for
these materi als is in the ra nge of lO_ 6 — 100 t1~~cm~~. They are usually char-
acter ized as “semiconductors. ”

11. Those systems with a broad weak maximum , Cm, in the temperature de-
pendence of their dc conductivity at a temperature Tm. For these systems usually
~m/~(295’K) ~ 2 and or(295 ’K) — 100 [l~~cm~~. The a versus T curves for
these systems generall y show negative curvature (d2 a/ d T2 < 0) over a large tem-
perature range around Tm . Th is class is typ ified by the a versus T behavior of
(NMP)(TCNQ) ’2”3 (FIGURE 3A). Numerous models have been used to char-
acterize o- (T) for this class of materials.

III .  Those systems with a sharp maximum in their temperature -dependent dc

~~~~\
NMP

H~~ .L
L

(a) (b)
• Fiou xa I . Crystal structure of (NMPXTCNQ) (Ref. 3). (a): View down the b-axis; (b):

view down the highly conducting a-axis. Note that two meth7l groups are shown for each
NMP ~ indicating random nature of the methyl group location. (From Ref . 3.)

~~~
,
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-Fiouae 2 Dc conductivity versus (temperature) along b axi s of a single crystal of
Cs 2(TCNQ)3 (after Ref. II). The curve shown exhibits two activation energ ies , ~ = 0.45
eV (T > 300 K), intrinsic, and ~ — 0.3 eV (T < 300’K), extrinsic. Sec Ref. II for
more details.

t conductivity. This class is typ ified by the a versus T behavior of (TTF)(TCNQ) ’4” 5

t (FIGURE 4). Generally, for these systems a(T~) / a( 29 5K) >> 2 and a versus T
has positive curvat ure (d2 or/d T2 > 0) for T > Tm . The room-temperature con-
ductivity is g.~nerally — 500— 1000 t l ’ cm ’.

~~ Numerous models have been applied to explain the dc conductivity of these
materials, especially classes II and III. We have developed a new model for con-
ductivity that is applicable to molecular conductors in all three classes in the tern-
perature range of — 70° K to 4000 K. I3 .I6

~
1 We parametrically fit and also quanti-

tatively calculate a (T)  for materials in each of these classes as the product of
charge-carrier concentration (activated in Classes I and II) and a strongly tern-
perature-dependent mobility determined by known electron-phonon coupling to
the molecular vibrations of the conducting chains.

In the following section we review some of the previously reported segrated
stack conductor materials in each class. The models used to explain the dc conduc-
tivity of these materials are indicated . In PARAMETRIZATION OF CONDUCTIVITY
DATA AND INTRODUCTION OF MOBILITY MODEL we show our new parametrization
of the dc conductivity data of Class H materials and how this leads to a model of
an activated carrier concentration and a large strongly temperature-dependent

• mobility for 70K < T < 400 K. Its relationship to previous parametrizations
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FI Gu RE 3. A: Normalized four -probe a-axis conductivity. a (T)/ a (29 5 K) ,  versus tern- •

perature for some representative (NMP)(TCNQ) samples. The “x ” data is fro m Ref. 12.
The solid lines are computer fits to Equation 4 with a indicated. B: Calculated a from
Equation 4 with experimental or (T) and ~ — 900 K.

of a (T) data for Class I and Class III materials will be shown. In the section
MICROSCOP IC MODEL OF MOBILITY the microscopic basis of the temperature-
dependent mobility is examined. COMPARISON WITH EXPERIMENT compares quan-
titative calculations with a( T) data. In the section after that we discuss results on
the new system (N-meth y lphenazinium )~ (Phenazine) 1 _~ (TCNQ), which allows
control of band filling and disorder. Finally, we summarize our results and some
of their implications.

REVIEW OP PRiOR DATA AND MODELS

Class I

The materials in Class I have generally been termed semiconductors with an
• adtivated conductivity. The source of the relatively large activation energies in

these material2 is as yet uncertain. Perhaps the largest number of conducting
• molecular salts lie in this class.~1’

_ 
-_ _ _ _ _ _ _ _ _
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Class II

There are many materials in Class II besides (NMPXTCNQ). These include
the single-stack conductors (QnXTCNQ)i,S~I~ ISJS (Adn)(TCNQ)2 ,’9~° and (Adz)-
(TCNQ)22’ where Qn is quinolinium , Adn is acridinium , and Adz is acridizinium.
These four systems have a random orientation of their closed-shell cations leading
to some disorder in the electrostatic potential at each TCNQ site. None of these
four systems has a phase transition in the temperature range of interest (700 K <
T < 400 K). Also in Class II are systems that have an apparent phase transition at
a temperature T~ within 70K < 7’,, < 400° K in addition to the weak maximum in

2223or (T) at Tm. Often T,. < Tm. This occurs, for example, in (NMe 3HXIXTCNQ),
as well as in some of the TTF halides.6~

24’25 The Class II behavior is also seen in
some two-chain conductors, for example, tetrathiafulvalenium methy ltetra-
cyanoquinodimethanide (TTFXMeTCNQ).26

J I I I I 

—
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~ FIGURE 4. Normalized four-probe b-axis dc conductivity versus temperature for a num-

ber of (TTF) (TCNQ) samples. (After Ref. 15.)
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Many models have been proposed for this behavior. These include the presence
of a tra n sitio n at Tm from a metallic state for T > Tm to a semiconducting state
for T < T_. The state for 7’ < T~ was proposed to be a Mott-Hubbard semicon-
ductor for (NMPXTCNQ) and a Peierls semiconductor for (TTFXMeTCNQ).
Epstein et al.,1~ on the basis of con ductivity, magnetic susceptibility, x~ specific
heat , and so on , described the low-temperature state of (N MPXTCNQ) as a Mott-
Hubbard semiconductor. Fitting the conductivity data in tbe 20-70° K range by
a = a01 exp (— ~~o~/ T), ~~~ was identified as the low-temperature Hubbard gap.
The gap was assum ed to be renor mali zed to zero at Tm . For T >  Tm , the system
was considered to be a correlated metal. Detailed calculations for the conductivity
for T > Tm were lacki ng, altho ugh Coleman et al. ’2 noted that the resistivity on
the region 300 K to 400°K could be fit with p(T) = A + 8T 4. Jacobsen et al. 26

suggested a broadened Peier ls metal-insulator transition for (TTFXMeTCNQ). A
detailed fit of (TTFXMeTCNQ) in the region 20°K < T < 60°K to a
exp( — ~~/T)gave~~ = 360° K (0.03 l eV = 0.73 Kca!/mole).

Several groups have focused upon the random potentials that exist for a num-
ber of members of this class of materials. As pointed out in 1961 by Mott and
Twose,27 in a one-dimensional ( l-D) system with any disorder the eigenfunctions
are exponentially localized. Bloch et a!. .~~ on the premise that electronic conductiv-
ity in disordered l-Dsystems can occur onl y by hopping, attributed a at low tern-
perature to variable-range phonon-assisted hopping (a(T) exp( — ( To/ T)~

2),
and for T > Tm to diffusive hopping (a’ ~ T~~). This gave detailed agreement with

• experimental a versus T onl y in the range 20—70K (T << Tm). It was pointed out
by Ehrenfreund et a!.29 that this model leads to serious disagreement with room-
temperature a and other properties. They argued that band and coulomb inter-
action effects are predominant , and the onl y observable manifestations of dis-
order would be those arising from “bandtai ling into the Hubbard gap.”

Shante has extended the model for phonon-assisted hopping among localized
states to anisotropic two- and three-dimensional hopping.3° His results are that
,~n [ o- (T)/ or 0J —( T0(m)/T] I/ rn  where m — 4 for th ree-dime nsional hopp ing,
m — 3 for two-dimensional hopping, and m — I for one-dimensional hopping.
He is able to fit the a(T) for (NMPXTCNQ) for 18° K < T < 140°K , usi ng this
expression . No detailed explanation was given for T > 140° K. ‘Fheodorou and
Cohen 3’ and Theodorou ,32 with a disordered H ubba rd model , were able to obtain
a good fit to x versus T for a selected sample of (NMPXTCNQ) with high ~ at
very low temperatures.

Gogolin ci a!. quantitativel y fit a(T) for (QnXTCNQ)2 and (AdzXTCNQ)2
in the range 20° K < T < 300° l( with a disorder model.2 ’ The rise in a with in-
creasing T for T < Tm was attrib uted to phonon-assisted hopping with use of
low-frequency totally symmetric intramolecular phonons. The decrease in a for
T > Tm was att r ib uted to decreasi ng localization length through coupling to
nontotally symmetric intramolecular phonons. The quantitative fit to both TCNQ
salts requires, however, TCNQ phonon frequencies that do not match the ex-
perimental values (and in fact are different for the two cases) and phonon fre-
quency shifts that the authors admit 2’ are unreasonably large.

An early model for o(T) proposed for some of these systems was the inter-
rupted strand model.33 3’ This model assumes the crystal to be composed of

_ _  _ _ _ _ _ _  •
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pa rallel li near strands, with each strand being interrupted within itself by per-
fectly insul ati ng defects. The electrons are assum ed to be delocal ized over and
confined to each strand segment. This “particle i n a box” arrangement leads to a
discrete spli tti n g of al lowed energy val ues for elect rons, with a splitting of the

• order of 10-2 eV for electrons localized in a chain 300 A long. The dc electrical
con ductivity for the crystal is then thermally activated , with the activatio n en ergy
related to the energy required to add another electron to a strand. The con-
ductiv i ty is given 3

~ by ~?,n a T ”  (with~ > ~z > ~). However , the deta i led fea-
tures of a(T) were not fit , especially for T > Tm.

Class III

There has been a sim ila r plethora of models used in an attem pt to unde rstand
the high-temperature (T > 70°K) conductivity for Class Il l  systems , especially
(TTF)(TCNQ) (FIGURE 4). One theory is that collective many-body effects are
involved .36

~
37 Specifically, contributions to a are supposed to arise from charge-

density wave fluctuations that slide via time-dependent phases. The evidence cited
for a collective mode contribution to a3~39 i ncludes the strong dip observed in
a(w) at low frequen cies.3~~° This has been i n terpreted as represen ti ng a gap or
pseudogap of l l O O cm ’ (0.14eV) in the density ofstates , although its temperature
independence is not easily explained within the model. 38 39 Also cited for evidence
of collective behavior in (TTF)(TCNQ) are the nonlinear current-voltage curves
observed below 4°K 41 ’42

Another mechanism proposed to account for the variation of a with 7’ above
58° K in (TTF)(TCNQ) is electron-electron (c-c) scattering between electrons on
TCNQ and between holes on TTF.434 ’ The basis of this was the finding of Etemad
ci a!. that their data , and some from other laboratories , could be fit by a power
law a’~~ m P P0 + p2 T in the range 60 to 250°K.43 The ratios am/ o(295 °K)
for the samples in their study were ~ 20: 1. In another study, including hi gher
quality samples as judged by values of am/ d (295° K) as high as 35: l , Groff ci a!.4~
found a somewhat similar law for a 1 in the range 60 to 300° K. However , the
exponent of T was significantly greater than 2, rang ing from 2.23 to 2.40 for
different samples. All samples were well represented by the exponent of 2.33. Thus ,
c-c scattering does not in detail account for the observed variation in T-dependence
of a(T). In fact , for the l-D case considered ,” c-c scattering leads~ to a~ 7’.
Apart from this , estimates of its possible importance~ were too large because the
c-c collisions considered47 were momentum-conserving ones. To affect a the
collisions must transfe r momentum to either the lattice , through umklapp-
processes, or to high-mass or low-ti carriers that contribute little to a, as in the
transition metals. As regards the first possibility, umklapp processes are expected
to be much less frequent than momentum-conserving ones. This is particularly
so for the present case, where the maximum momentum change in an c-c collision
is —4 times the wave vector at i~~, which for (TTFXTCNQ) is distinctly less than
a reciprocal lattice vector. Under the second mechanism one might argue that the
holes on TTF chains act like high-mass carriers to drain momentum from the
electrons on TCNQ. However , as will be shown subsequently, the hole mobility
is comparable to that of the electrons.
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A thi rd mechanism proposed to account for a(T) of (TTFXTCNQ) is the
interaction of electrons with the librational modes of TCNQ ” The basic point
of this model is that t he interaction of the electrons with these modes must be a
second-order process . This gives a predicted T2 behavior of the resistivity, not
T2-33.

In summary, nume rous models have been proposed for the temperature de-
pendence of the dc cond uctivity of molecular conductors in Classes I , II , and III.
However, few of these models give a detailed fit to a( T) over a large temperature
ra n ge nor are any of these models based upon the m icroscopic para meters of
these materials . I n addition , these models were cla imed to be applicable only to
subgroups of these classes.

• PARAMETRIZATION OF CONDUCTI VITY DATA AND
INTRODUCT I ON OF MOBILITY MODEL

The para metri zation of dc con ductivity data of Classes I and III has been
st raightforw ard, even i f the interpretation of the resulting parameters is not
unequivocal. Class I materials are usually described 2 by

a = a’0 exp (— ~~/ T) ( 1)

where a~ is a constant prefactor and ~ is an apparent activation energy (units
of degrees Kelvin). Class III  materials are usually described 43 by

a ’ ~ P = Po + p, T’° (2)

where p , and a are sample-independent constants and P0 is a sample-dependent
constant. Equations I and 2 are generall y valid for T > 70° K , providing that
there are no phase transitions in this temperature range.

Parametrization of a(T) for Class II has been more problematic. Onl y Gogolin
et a!.2’ have been successful at a quantitative fit of a(T) for a wide temperature
range on either side of Tm. The shortcomings of thi s approach have , however, al-
ready been pointed out. In order to address this point we have reexamined , in
detai l , the temperature behavior of the conductivity of(NMPXTCNQ) 13

We have made carefu l measurements of the dc a of approximately 30 (NMP)-
(TCNQ) single-crystal samples at intervals of — 1°K , using a four-probe tech-
nique. Twice-gradient-sublimed TCNQ and glove-box techniques were used in
sample preparation to assure hig h-quality samples. The room-temperature con-
ductivity parallel to the stacking axis ranged from 120 to 300 ohm ‘cm ’. The
results on several crystals, including that of Coleman ci a!.,’2 are shown in FIGURE
3. A range of behavior is observed with 300°K > Tm > 225°K and 1.20 >
aq(Tm) > l.0, where a~(T) = a(T)/ a (295 °K) .

In order to examine in more detail the a(T) behavior , we have studied the
logarithmic derivative of the resistance, R(T) , F(T) d(ln(R(T) /R(295 °K))/
d(T ’ ). F(T) is zero at Tm . The results for one sample are shown in FIGURE 5.
The similar simple behavior of F(T) for T >  Tm and T < Tm is striking. In fact ,

• a sing le straight line well approximates the F(~~ versus T data for temperatures
• .

~~~
• 

~‘~I above and below Tm~ That is,
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F(T) d ~ n (R(T) /R(295 °K) 
~ — aT (3)

• d (T ’)

for 100° K < 7’ < 300° K , where ~ and a are constants. The similar behavior above
and below Tm = 225° K strongl y imp lies that the charge-transport mechanism is
unchanged at Tm.

Equation 3 can be solved for a~(T) a(T)/o(295°K). Doing so we find

a ( T) = A T~~ exp (— ~~/T). (4)

By computer analysis of the conductivity data of (NMPXTCNQ) we found that
• for 65°K < T < 400°K , a(T) is very well fit by Equation 4, with ~ 900° K for

all samples measured and a a sample-dependent constant in the range 3 to 4. The
constant A is fixed by a~(295°K) m I .  The solid lines in FIGURES 3 and 6 show the
fits obtained with these parameters in Equation 4. The agreement is particularly
impressive in view of the large variations in a(T) among samp les. The value of a
is correlated with sample quality, the highest value bein g obtained for the sam ple

FIGURE 5. F(T) - d(ln(R(T )/ 2001

s i ~~~
T

T~~ 0 
x X x x

straight line is F(T) = ~ —aT l60 / X 280
(
~ 

and a are constants). Tm

with lowest Tm (best), the lowest value for the sample with highest Tm (poorest). •
Samples with higher a featured a better fit to Equation 4 to lower temperatures.
To show even more convincingly that there is no change in charge-transport
mechan ism at Tm’ or elsewhere in the range 65°K < T < 400°K , we show in
FIGURE 3B a plot of a as a function of T calculated from Equation 4 by using for
a the experimental values and for ~ 900° K. The deviations from Equation 4 at
the high- and low-temperature ends seen in FIGURES 3A and 6 are typical of all
samples.

It is natural to interpret these results and Equation 4 as showing that an en-
ergy gap persists throughout the temperature range, leading to an activated car-
rier concentration , n a exp (—A/ T) ,  and a large strongly temperature-dependent
mobility, ~

j  a T~~. As seen schematically in FIGURE 7, n(T) is a monotonically
increasing function of increasing temperature, whereas i’(T) is monotonically

V decreasing with increasing temperature. The product of n( T) and ,i(T) to give
o(T) — n(T)e gi (T) has a maximum at T,,, — a/a. Thus , in fitting o(T) to
Equation 4, A is fixed by a~ (259°K) — 1.0, ~ /a is fixed by 7’m, so that there is

i~i & ~— ______ ~V V— — — — •- ____________________

V .  -
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FIGURE 6. Experimental log a versus l/T for samples A and B of Fi gure 3A , and com-
puter fits from Equation 4.

onl y one adjustable parameter to fit the a(T) curve from 65°K to 400° K. Since
the gap for (NMPXTCNQ) is sizeable, it leads to the carrier concentration being
fairly small and , as wi ll be detailed later , a mobility, ~i — a/ne — 10 cm2/vo lt-sec
at 295° K and larger at lower temperatures.

At low enough temperatures (depending on the property being measured),
• electrons in localized states may dominate the behavior. This could account , as

previously suggested,7~~~
9 for the microwave a49 being higher than dc a’ for

T < 50° K, and perhaps for the deviation seen in FIGURE 6 at 7’ < 65°K between a
from Equation 4 and the experimental data. It also could account for the poorer

—~ 
V 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~~~~~~~~~~~~~~ V 

—- —
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• fit at low temperatures of a(T) for samples with lower a (poor quality). That is ,
poor-q uality samples may have more localized states so t~ ~ excess conductivity
above that predicted by the model is observed at hi gher temperatures.

The gap ded uced fro m Equatio n 4 represents, for electrons (holes), the en-
ergy differe nce between occup ied (empty) states in the upper and lower (Hubbard-

• type) bands. To treat dc a at T > 65° K , we therefo re neglect the locali zed states
and use as a model two l- D ti gh t bi n di n g ba nds separated by a gap 2~ . Each band

• is assumed to have N states (N being the number of molecules in a chain), and
coulomb correlations are neg lected . Note that fitting a versus T does not make it
possible to di stinguish between ~ = ~~ independen t of T, and ~~~ = — jif ,
where ~ is a constant. (In the latter case a’0 wou ld represen t a consta n t ti mes e0).

Using the ~ found in fitting the experimental data to Equation 4, ~~ , the concen-
t ration of carriers per unit length L(q = nA where A is the cross-sectional area of
a u nit cell), was calculated ’7 for a sing le l -D ti ght binding band with 2N states and
width i0 : 

I °~~

- — f [I + exp ftr — r~ )/k 8T f l ’p(r) de. (5)
L j 0

Here p(i), the number of states per unit energy range , is

p(i) = (2L/~ra)[i(~0 — i)] — 1/ 2 (6)

• with a being the spacing between adjacent molecules in a segregated stack. To find
the ex pone n tial dependence of~ on Tover a wide T range that we deduce from (4),
it is necessary that exp [(i — ~)/k 9 T) >> I . This leads to

~ ( 2/ a)(k 9 T/ s ~i0) ’/ 2 exp [(i ,. — ib) / ka T j ,  (7 )

where we have inserted 
~~, 

in the exponential as a reminder that the Fermi energy
is to be measured from the band edge E b. Since a’ = neti, we concl ude that the
mobility ~ a ~~~~~~ We identi fy the q uantity —~ = — (

~~~~~ 
— fiT) as

(i F — r b) / k a. For a Mott -Hubbard band ofNstates p and i~are div ided by 2.

I I I

FIGURE 7 . Schematic temperature depen- bdence of cha rge-carrier concentration , is ~.jexp (—~~/T) , mobility. ~ T~~, and con- ~ductivity , a — nc~i.
n

I — I I I

TE~~ ERATLPE

• • V --_-~~~~—._ --•- — — —~~~~~~ - - - - -— - -  
~~~~~~~~~~~~ V - _ _ _
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Utilizing a = ne~z , with a(295°K) = 300 ohm ’cm~ ’, for (NMPXTCNQ ) and
the above s (T) with &~, = 900°K , (i o/k~) = l 000° K (in accord with other mea-
sureme nts and N states per ti ght-bi nding band) we obtai n ,z = 30 e~~~295/ T )~14~

) S

cm2/volt-sec . Using fi — I obtained from a crude model ’3 of the susceptibility
of(NMP)(TCNQ ) , we obt ain a mobility #i(295°K) — 10 cm 2/volt -sec.

The mobility obta in ed by th is approach is la rge en ough (> 1 cm 2/volt-sec) so
that the band approach is self-consistentl y valid . H owever , the very stron g tem-
perature dependence (~s cx T~~ with a — 4 for (NMP)(TCNQ)) is unusual .
Acoustic-mode scattering typicall y yields 50 

~ a T~~ S, insufficie n tl y steep to ac-
cou nt for our results; consequently, a more temperature-dependent scattering
mechanism is necessary. The optical modes of crystals are higher in energy, pro-
vidi n g a stron gl y tem perature-dependent scattering mechanism. For molecular
conductors such as (NMP)(TCNQ) the crystal optical modes are essentiall y the
molecular vibrations. Since the vibrational frequencies 5’ and cou pling con-
stants 52 -56 are well known for TCNQ and several other molecules , a direct calcul a-
tio n of ~i is possible. This is detailed in the following section.

The approach taken to understand a(T) for (NMP)(TCNQ) is very general. It
• involves onl y activation of a su fficient carrier population to a ba nd of extended

states , and the presence of a strongly temperature-dep endent mobility determined
by charge-carrier interaction with molecular vibrations. It is easy to extend this
parametrization to other members of Class 11, for example , (Adz)(TCNQ)2 where
Adz is acradizinium. As seen in FIGURE 8, an excellent fit of a’(T) is obtained by
Equation 4 with ~ = 450°K and a = 3.04. Additional examp les and details are
given in the following sectio ns . TABLE I summarize s some of our results in fitting
Eq uation 4 to Class II materials.

Extensions of these ideas for Class II systems to Classes I and I I I  is now ap-
parent . For those molecular conductors with hi gh activation energies (

~ ~2000° K), the maxi mum in a(T) will occur at temperatures greater than 500° K ,
provided a is 4 or less. For such systems there will be no maximum in a observed ,
and Equation I will give a good fit since the exponential will dominate the

.1 • 

/
1 (Adz )CTcNQ)2

: ~~~~~ eo ‘ 

60 240 JO
1(K)

FIGURe 8, a versus T for (Adz)(TCNQ)2 (from Ref. 2 1) (X). The solid line is our f it
to Equation 4 with ~ — 450 K and a — 3.04. 

-— —•~~~~ -- —-V - — —V
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TABLE I
PARAMETERS IN FIT OF MEASURED a(T) ‘ro a~ (T) = A ~~~~/T T_ a

Ma terial Measured a(295°K) ±.9. a
ohm cm ’ 1  ‘K

(NMP)(TCNQ) ’3 300 900 3(0 4

(Qn)(TCNQ)22’ 70 600 2.54
(Adn)(TCN Q)2 19 100 350 2.34

— 
(Adz)( TCNQ)22’ 130 450 3.04

T-dependence. As ~ is decreased , Tm shifts to lower temperatures as seen, for ex-
ample , in (triethy lam monium)(TCNQ) 2 , 57 which exhibits a deviation from (1)
for 7 ’>  300°K.

Class I ll materials may be viewed as the other extreme. In this class i~ = 0 and
(4) reduces to Equation 2 if one separates out two scattering mechanisms , one
T-dependent due to phonons and one T-independent , presumabl y d ue to defects

V or impu r ities . Considerations for Class I l l  are often more complex because of the
presence of two conducti ng chai ns, yet simpler because the crystal structures
usuall y show no evidence of disorder.

It is thus seen that a single parametrization of temperature-dep endent con-
ductivity data allows one to approa ch the high temperature (T > 70° K) a of
all three classes of molecular conductors in a unified manner. The microscopic
un derstandi ng of i(T) in ter m s of scatter i ng wit h molecula r vib ratio ns is discussed V

in the next section.
V This model of a la rge, strong ly temperature-dep endent mobility is i n contrast

with a T-independent value of 0.4 cm 2/Volt-sec for TCNQ° crystals for 204° K < V

7’ < 306°K.3 Because, however , the molecular spaci ngs are mu ch larger for
TCNQ°59 than for TCNQ in (NMPXTCNQ) 3, the ban d approach used above
would not be valid for TCNQ . In addition , as h as been previo usly noted6° for
ant hracene in this temperature range , a T-independent ~s of —0 . 1-1.0 cm2/volt -sec
is difficult to model quantitativel y. Recently, direct evidence has been reported” V

for the onset of band-type motion in naphtha lene below 120° K.

MICROSCOPIC MODEL OF MOBILITY

The values of mobility determined from analysis of conductivity data are large
enough so that we may use a perturbation calculation. For this we need the matrix
element for scattering of a carrier in the tight binding bands arising from the
molecular level of energy E., by an optical phonon derived from the i’th normal
mode of molecular vibration. Using a deformation potential approach , we ob-
tained this matrix element in terms of g, — ( ‘v’2~hw1y ’(&E ’y/ öQ1) 0, where 1iw1 is
the phonon energy of the i’th normal mode and Q, its dimensionless normal co-
ordinate.

Although Boltzmann statistics arc adequate for wide-gap systems like (NMP)-
(TCNQ), we generalize to Fermi-Dirac statistics for use with small- and zero-gap

V 
materials. The energies ~fiw , and the coupling constants g1 for the optical phonons

- V - - • • - • - - - ---- - —-V . V
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TCNQ A g VIBRATIONS
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(a) (b)
FIGURE 9. (a): The three lowest energy A~ modes of TCNQ . Only A~~modcs couple in first

order to an electron in the TCNQ b2, orbital from which the TCNQ conduction band is
derived. (b): The three lowest energy A~ modes of TTF. Only A~ modes couple in first
order to a hole in the TTF b ,~ orbital from which the h F  conduction band is derived.
(After Ref. 53.)

that i n teract significantl y with the carriers have been calculated for the hig hest
occupied orbitals of TCNQ, TCNQ and TTF,52

~~ anJ also deduced experi-
mentally for TCNQ.56 FIGURE 9 il lu strates the lowest energy vi brat ional modes
for TCNQ and TTF that couple in first order to the electrons (TCNQ) and holes
(TTF). 53 Since the matrix element for scattering depends on the initial and final
electron state only throug h the energy difference between them ,1~w,, a relaxation
time r exists even for the distribution function!0 degenerate; i.e., ”

• ..L — ~~~ (g~ %~ )2 [(n, + 1) 
I — fo(~ 

— f iw~) H(~ — 1~w,)
i~ h 1 — fo( ) (

~ 
.... f1w1) 1/2 (( 0 — (

~ — ~~~~~~I/2

— fo(~ + 1~w,)  H(~ — (
~ + lcw ,))

+ 1I~ — (8)
— f0(E) (

~ + ‘fiw ,) ”2 ( 0  — (
~ + IIw,)) ’/ 2

where n , is the number of phonons in the mode with hw ,, ~ is the energy of the
carrier measured from the band edge, ~ the bandwidth and H(A — B) — I for
A > 8, 0 for A � B. With this , the Boltzmann Equation is readily solved , leading

I

~ _i4~~J —-—-V— -V - - V  - - — ‘ -- _____________
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to i ntegrals for ~ and the thermoelectric power , Q, that must be evaluated nu-
merically, with the appropriate parameters for each case.

The actual values of bandwidths used varied among the systems studied (see
TABLE 2). Values were chosen to be of the same order as values generally ac-
cepted for i~~. On ly those v i brat ional modes for which ~~w0 < o can scatter the
electro ns (holes).

COMPAR I SON WITH EXP ERIM ENT

• We have quantitativel y applied our microscopic model to a number of molecu-
la r conductors. TABLE 2 lists the parameters used to calculate M( T) due to optical
phonons and fit the ~i( T) obtained in parametrization of the data.

FIGURE 10 shows the~ (T) calculated for (NMP)(TCNQ) for electrons moving
in a conduction band on the TCNQ stack. The values of g1 chosen are withi n the
range of uncertainty of the literature values (includi flg g~ = 0.20 and l~w~ —

882.4° K). The calculated ~i has the correct order of magnitude at room tempera-
V t ur e an d varies , on the average, as T 4 over the entire temperature range of

i nterest. The small deviations at both ends of the range may be due to small
changes in ~ or to the onset of additional scattering mechanisms. Variations in a
are presu mabl y due to the defect scattering, wh ich we do not discuss here. $

FIGURE I l  shows our parametric fits to the measured a(T) and our calculated
a’(T) for (Qn)(TCNQ)2 and (Adn)(TCNQ)2 . Here Qn is quino linium and Adn is
acridinium. Using ~i taken from the solution of the Boltzmann Equatio n , we ob-
tain a’(T) as the product of ne~z indicated by the dashed line in FIGURE I I  with the
para meters shown in TABLE 2. Si nce we va ried both ~ and g, in obtaining these
fits , we do not feel that these individual parameters are precisely pinned down.
Further , i f crystal q uality is not good , it wil l affect the val ues of para meters for
good fit. (Note , however , t h at altho ugh onl y limited published a versus 7’ data are
available fo r these mater ia ls, we obtai ned the same a and 

~~~ 
for fits of Equation 4

to (Qn)(TCNQ)2 data of t wo groups . ’9~
2 1 )

The above considerations are expected to be indep endent of the orig in of th ’~

TABLE 2
PARAMETERS IN FIT OF ~i (T)  DUE TO OPTICAL PHONONS TO MEASURED M(T )

Material Calculated
1~w 1/ k g g1 1~w2/ k 1 Ri ~~~~ a(295 K)

K (ohm-cmY ’

(NMP)(TCNQ) ’3 214 .22 485 .70 1000 300
(Qn)(TCNQ)22’ 2l4 .45 485 .80 1000 83
(Adn)(TCNQ) 2 19 214 .90 485 .80 500 50
(TTF )(TCNQ) ” 214 1.54 485 .80 3000 660
(TTF)(TCNQ) ” 354 .16 684 1 .33 1500 l 30t

For TCNQ Band .
t For TTF Band.

_ _ _ _ _ _
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gap. ’3 There is no crystallographic evidence for a superlattice or periodic distor-
Lion in (Adn)(TCNQ)2 2° or (Qn)(TCNQ)2 ;9 therefore, other sources of the gap V

must be considered. For (NMP)(TCNQ) we have suggested7’8”3 that the gap o~-
curs because on-site coulomb repulsion prevents more than one electron settling
at a TCNQ site . The gap is then a Mo tt-Hubbard gap at midband. For the other
salts it has already been suggested by Holczcr a a!.62 that nearest-neighbor cou-
lomb in teractions, treated in the extended Hubbard model , are responsible for a
gap at the 1/4 band level. (However , they identify this gap as corresponding to the
low-temperature slope of log a versus T i •) Such a gap has also been invoked by
Kwak a a!.63 to explain the thermopower of these compounds. A consequence of
the extended Hubbard model is that p(~) is decreased by a factor of 4. This de-
creases n by a factor of 4 and increases p by this factor , leaving the calculated a un-
changed. In this model our calculated p for 300° K is 7.6 cm 2/volt-sec for (Qn)-
(TCNQ)2 and 1.6 cm 2/volt-sec for (Adn)(TCNQ)2 .

Woynarovich et a!.” have proposed a model in which coulomb coupling be-
tween charge -density waves (CDW’s) on the neighboring TCNQ chains is the

- 
. V source of the semiconducting gap. Though this model is attractive in that it leads

to a gap at the Fermi energy regardless of the degree of band filling, there is, as
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yet , no evidence for the existence of the CDW’ s on each TCNQ chain which are
necessary for the occurrence of this gap. We point out that part (or even all) of i~
may be a mobility gap associated with localization of states at the band edges due
to disorder . It has also been suggested’5 that long-range intrachain coulomb inter-
actions may lead to a gap at t~~ . Additional studies are necessary in order to
iden t if y un ambiguously the source of the ~ ‘s obtained in our analysis.

The calculation of u(T) for (TTF)(TCNQ ) requires the calculati on of p(T) for
electrons on TCNQ chains and holes on TTF chains. Using the value ” of
a(295 K) — 660 ± 130 ohm~” c~n~~ and a charge transfer of 0.59 electrons from

, , I I I

I

TOO

(b)
• I £ I I A I

SO ISO 240 1*0 400
YIIC)

FIGURE II. (a): Conductivity versus temperature for (Qn)(TCNQ)2 (from Ref. 2 1) (X).
The solid line is our fit in Equation 4 with A~ — 650° K and a — 2.54. The dashed line
is our calculated a(T). (b): Conductivity versus temperature for (Adn )(TCNQ)2 (from

• 
~

- Ref. 19 (X). The solid line is our fit to Equation 4 with ~~ — 350 K and a — 2.34.
--1 The dashed line is our calculated .(T).

--- -V’ - —
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TTF to TCNQ,o?~s we deduce from a — nep (where p is the sum of electro n and
hole mobilities) that p — 3 ± I cm 2/volt-sec at room temperature and 300-450 at
Tm for the best samples. These values of p and their temperature dependence are
sim ilar to those obtai ned above for the Class II systems. Assuming that the upper
limit ” of a(295° K) — 790 ohm ‘cm~ ’ represen ts a sample without defects, we
obtain agreement of theory with experiment for bandwidths ’9’7° ~0/k 8 — 3000° K
(0.25 eV) for TCNQ, 1500° K for TTF, and values of~ftw 1 and g~ given in TABLE 3.
For these bandwidths , as seen in FIGURE 12(a) the calculated mobility at room
temperature for TCNQ is 3.5, for TTF I cm 2/volt-sec, giving a sum , �p, of 4.5 in
good agreement with the upper limit cited earlier. These bandwidths , parti cularl y
those for TCNQ, must be considered lower limits , since the intrinsic p(295°K)

V could well be greate r (that is, the i n tri n sic dc conductivity ma y be hi gher tha n
790 ohm~ cm~~). Increases of ~0/ k 8 of TCNQ from 3000 to 4000 would re-
quire the intrinsic p(295°K) to be about 50’~ larger. The bandwidth could also be
unde restimated ifthe g values used are too- low . Nevertheless , the theory with the
bandwidths cited leads to a calculated room-temperature thermoelectric power ,
QRT, of — 27 p V/ °K , in good agreement with ~~~~~~~~~~ Also , in the range
140—300° K it is seen from FIGURE 12(a) that �p, and therefore a , var ies es-
sentia lly as T_ 2 V 33

, in agreement with experiment .4S

Below l 50°K the calculated Pi-~~ is much larger than P TCNQ because of the
— weak coupling of the TTF chain to the lower energy molecular phonons . The cal-

culation above overestimates the p’s at low temperature because it neglects
the coupling to acoust ic phonons and possi bl y to other low-energy lattice modes.
Guided in our choices by the neutron-scattering data ,67”~ we have carried out
numerical calculations in which an 85° K phonon interacts with the TTF chain , a
52°K phonon with the TCNQ chain. Actually, the latter has little effect on the re-
suIts , since the electrons on TCNQ alread y h ave a st rong i n teraction with rela-
tively low-energy phonons . If we accept the experimental finding that a (T~) /

TABLE 3
PARMET E RS IN FIT OF p (T )  DUE TO OPTICAL PH ON ONS

TO MEASURED a(T) FOR (TTF)(TCNQ)

TCNQ
h w(cm 1 ) g

148 1.54
337 .80
613 .20
725 .24
978 - .20

1l96 .22
l39 1 .20
16l5 .49

TTF
245 .16
475 1.33
736 .49

• 1094 .16

• 

_

~~ ;~~ 
-

____ — __________________________
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FIGURE 12. (a): Calculated p versus T to optical phonon scattering for (TTF)-
(TCNQ). (b): Calculated ~ versus T due to top ical phonon scattering plus acoustic pho-
nons of 52°K for TCNQ, 85’K for TTF, both with coupling constant g 0.35. (From Ref.
16) V

a(295°K) — 100, we must choose the coupling constant g no larger than 0.35
for the 85°K phonon. The results for g 0.35 for both phonons are shown in fFIGURE 12(b). Comparison with FIGURE 12(a) confirms that acoustic phonon
scattering has little effect above I SO’ K.

From the large variation observed in am/e ar ’4”5’43’45 ”‘ it app ears that some
sort of defect scattering is present in actual samples. One possibility is breaks in
the chains. To incorporate this , we assume an additional relaxation time i’~~~ —

va/t,, where va represents the average chain length , a being the intermolecular
spacing, and v the velocity. This differs from the interrupted strand model calcu-
Iation 3’ in that the chain is not assumed to be a perfectly reflecting barrier. The
relaxation time was then taken as the reciprocal of the sum of reciprocals of r~~
and (8), including the acoustic phonons. Numerical calculations led to the nor-
malized a versus T shown in FIGUR E 13 for v — 50, which is in good agreement
with the sample having (°m/ ~’RT) — 35~45

In sum , we have been able to account for p(T) and o( T) for materials in Class
U and Cla ss I l l  over a wide temp erature range throug h molecular vibration mode

V -- -~~~~~ -. - ---- - -~~~~~~~~~ --- -

S
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scatteri ng. We can extend the range of agreement with experiment by i ncorporat-
ing acoustic phonon and defect scattering.

(NMP) ~( P HEN ) ,_ ~(TCNQ) AND THE ROLE OF
BAND FILLING AND DISORDER

Especiall y for Class 11 systems such as (NMP)(TCNQ), (Qn)(TCNQ)2 , and
(Adn)(TCNQ )2, a question arises whether the interpretation of a( T) that we have
presented is com patib le with the disorder expected to exist i n these materials due
to random orientation of the nontotally symmetric cation. Certainl y we expect
that the electron states are localized in the sense that , beyond some extended re-
gion of length !~,, the wave functions decay exponentially. (This , incide ntally, is
true for every elect ron state i n a solid , ordered or disordered.) What determines
the natu re of conduction is the length !~. If I~ is about an atomic site , cond uct ion

4 4 r

~~~ 

FIGURE 13. Calculated a(T)/
- a(300’K) for ii — 50 versus I for

sample with am/a(300 K) — 35
- (solid circles). The experimental

u (T) (X) and fit to the data (solid
V V curve) are from Ref. 45. The tern-
- 

perature scale has been shifted
5°K from that shown in Ref. 45
to correct for a constant deviation- in the temperature readings for

- that sample, communicated to us
- by Dr. Groff. (From Ref. 16.)

C M im lee 256 306 V

TEMPEaATURE(K) -

is by hopping. At the other extreme, if !~ is much greater than the mean free path
one would calculate for nonlocalized electrons the localization should have little
effect on the conduction process. Numerical calculations for finite l-D chains
show that , with small disorder , states at the band edges become localized , whil e
those near the center of the band may have !~ of the order of hundreds of lattice 

V

sites.72 At temperatures high enough for these states to be significantly occupied,
which we take to be T > 65° K in our samples, they will dominate the dc a. It is
our view , then , that the major effects of disorder are to give rise to strongly lo.
calized states at the band edges (bandtai ling). For the (weakly localized) states -

in the cen ter of the band , a band model is applicable with the disorder providing
a scattering mechanism in additional to thermal scattering.

In order to understand the roles of band filling and disorder , we have recently
synthesized a new series of materials , (NMP) , _~ (Phen)~(TCNQ), which enable

V - -~
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us to directly test the roles of disorder and band filling. 73 In brief , up to 50~ of the
NMP ~ molecules, 2, in (NMPX TCNQ) are replaced with phenazine Phen ’ mole-
cules, 4, which are of simila r size, shape. and polarizabi lity to NMP ~ , but are
neutra l , closed-shell, and symmetric. This substitution of Phen’ for NM P~ has two
major effects: ( I )  The number of electrons in the conduction band on the TCNQ
stack is red uced as the Phen ’ content is increased; i.e., for every NM P~ replaced
by a Phen’, the charge on the TCNQ stack is reduced by one. Thus , we can vary
the band-filling of(NMP) ~( Phen) 1_~(TCNQ) (1.0 > x ~ 0.5) fro m that of a half-
filled band in a one-electron picture (x — 1 .0), i.e., (NMP)(TCNQ), to that of a
quarter-filled band in a one-electron picture (x = 0.50), similar to (Qn)(TCNQ)2 .
(2) The randomness of the electrostatic potential at each TCNQ site increases.
Before addition of Phen ’ the random potential at each TCNQ site arises from the
random location of the N M P~ meth y l group leading to a random positive-charge
distribution on the cation chain. The varying distance of this positive charge to
the TCN Q sites leads to a fl uctuati ng electrostatic poten tial . If a Phen ’ replaces
an NMP ~, th is is equi vale nt to movi ng the N MP~ pl us cha rge to i n finity, thereby
increasing the randomness in the potential at TCNQ sites.

H H
H I

II I I I

~~~~~~~~~~~~~~~~~~~~~~~I I
H H

Phen
4

Under most circumstances, if the charge transport in (NMP)(TCNQ) were
domi nated by hopping among disorder -ind uced locali zed states, then one might
expect the activation energy for hoppi ng between localized sites to increase as the
root-mean-square random potential increases (more Phen ’), thus increasing Tm. V

FIGURE 14(A) compares a,,(T) for samples: (NMP)(TCNQ) , (NMP)o.ss(Phen)o.oe-
(TCNQ), and (NMP) 081(Phen) 0 19(TCNQ). The results are opposite to the sim-
plistic disorder model prediction , as Tm decreases for the samples with in-
creasing phenazine content. In addition , O~ (Tm) increases with increasing
phenazine content , whereas a(295°K) remains at approximately 100 ohm ’cm~~.

The a(T) curves14 in FIGURE 14(A) have the familiar Class 11 shape. Attempts
at fitting the observed a(T) with Equation 4 have been very successful, as seen in
FIGURE 4, wit h the ~ — 800°K and a — 3.9 for the x — 0.94 sample and ~ —

550° K and a — 3.5 for x — 0.81 sample. FIGURE 14(B) is a plot of a as a function of
temperature calculated from Equation 4, using for a the experimental values and
for ~ the values given above . As seen by these flat curves , there is no change of
transport mechanism at Tm.

FIGURE 15 shows log a versus T~~ for the same three samples together with
the fits to Equation 4. In all cases the model fits the data in the regime of T >

- - -~~ -~ - - ---— -- ~~~~~   ~~~~~-
-- 
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---
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60° K. Below this temperature , th e dc cond uctiv i ty is hi gher than predicted by the
model , imp lying that hopping transport throug h localized states dominates a(T)
for T < 60°K. We note that a ( T )  is m uch higher in this hopping region for
crystals with more phenazine . This implies that it is not three-dimensional hopping
at low temperatures but rather hopping along the chain through localized states
caused by the disorder .

The source of the energy gap i n samples with x � 1.0 is important in under-
standing the microscopic aspects of l-D materials. Several models may be ap-
propriate; however , one model based upon the earlier work of Woynarovich
es a!.’~ appea rs particular ly att ractive. In this model interchain interaction be-
tween charge-density waves stabilizes the charge density waves and leads to a
semiconducting behavior by producing a periodic electrostatic potential on
neighboring chains , causi ng an energy gap at the Fermi energy. The magnitude of
this gap depends upon crystal geometry, parallel and perpendicular dielectric

LI

I .1.00U I .0.94
FIGURE 14. (a) Normalized

four-probe a-axis conductivity.
a (T) / a (2951( ) versus tempera-
ture for some representative
(NMP)x(Ph en) 1 _~(TCNQ) sam-
ples. The solid lines are computer
fits to Equation 4; o, x — 1.00,
~ — 900°K , a — 4 .l2; ~~~, x — 0 .94,

(B) 
~~— 800, a — 3 . 9;o , x — 0 . 8 l , A —  

V

4.5.
550°K , a — 3.5. (b): a(T) calcu-
lated from Equation 4 with ex-
perimental a(T) and ~ — 900 K
for x — 1 .00, ~ — 800°K for x —*1 0.94, and ~ — 550°K for x — 0.81.

‘o~~u, ~~~~~~~~~~~~~~~~~~~~ 0 3
1Ve5.RATu~~.rx

constants , and roughly, the square of the charge density (degree of charge
transfer). As formulated” the ground state is nonmagnetic, althoug h addition of
on-site or intrachain coulomb repulsion would probably make the ground state
magnetic. Inasmuch as the crystal struct ure does not appea r to change appreciabl y
with increased phenazine content ,~ the apparent energy gap should vary roughly
as the square of the NMP content , x2, in agreement with available experimental
data.74 These results have broad implications in the interpretation of the source
of the observed activation energies in (NMP)(TCNQ), (Qn)(TCNQ)2 and related
systems,74 as well as the source of coulomb correlations in (TTF)(TCNQ).75

Additional detailed experimental and theoretica l studies are in progress on
(NMP)~(Phen) 1 _ X TCNQ in an effort to quantify the effects of disorder and band
filling.
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0 5 0 5  30 ~ 30 35 40 45

FIGURE I S. Exp erimental log ( u ( T )/ a ( 2 9 5 ’ K) l  versus T ’ for (NMP) ~ (Ph cn) u _ ~ (TCNQ)
samples of FI GURE 14 , and computer fits from Equation 4.

CONCLUSIONS AND SUMMARY

We have shown that the high temp erature(T> 60° K) charge transp ort in many
molecular conductors is dominated by those charge carriers in (activated to) ex-
tended states with a large , strongl y temperature-dependent mobility determined
mainly by interaction with molecular vibrations. TABLE 4 summarizes some of

-t our parametric fits to cr (T) data from a broad range of Class 11 and Class III ma- - 

V

TABLE 4
PARA METERIZAT ION OF CLASS II AND CLASS Ill CONDUCTORS

a ’( T ) —  a0 T~~exp 
(~ 

.

~

..) — 

A , •K

(NMP)(TCNQ) 3-4 9(X)
(NMP)~~(Phen)06(TCNQ) 3.9 800
(NMP)11(Phen ) 19(TCNQ) 3.5 550
Qn(TCNQ)2 2.7 650
Adz(TCNQ)2 3.0 450
Adn (TCNQ)2 2.3 350
(TTF)(TCNQ) 2.3 0

- -

~~~
‘ V
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terials. TABLE 2 summarizes the values of the microscopic parameters used in our
detailed calculations. ‘ Weak” disorder has also been shown not to affect this
high-temperature transport behavior , althoug h it may determine the low-tempera-
ture transport in many of these materials.

The 1i(T) concepts discussed here should be valid for other molecular con-
ductors with low-frequency molecular vibrations , regardless of the source of the
energy gap. On the bases of a versus T data alone , numerous molecular con-
ductors are candidates for app lications of this model i n interpretation of their
properties at hi gh temperatures. Examp les include the reaction product of tn-
methylammonium iodide and TCNQ [(N Me 3 H + )(I 3 )113(TCNQ)213 )J,~~ 23

tetrathiofulvaleniu m-methyltetracyanoquinodimethanide [(TTF )(MeTCNQ)J,~’the symmet ric as well as asymmetric bipyridinium (TCNQ)2 salts ,76 N-methy l-
quinoli nium (TCNQ)2 ~~~~ N-meth y lacridin ium (TCNQ)2 ,~~~ tet rathiotet racene-
(1I 6)[(TTT)(I ~~ )) , 79 TTT 1.2 nicke lbis(eth ylene- I ,2-dithio late),8° bithiopyran-
(TCNQ)[(BTP)(TCNQ)J5’ as well as (TTF)(halogens) 24’25 and (TTF)(pseudo-
halogens.’ In additio n , it has not escaped our attention that the temperature
dependence of the dc conductivity of inorganic molecular materials such as
K 2 Pt(CN)4 Br 3 . 3H 2082 and Cs 1 73 Pt(CN)4 . nH 2O83 is similar to that of Class II
materials discussed here and may be parameterized in the same manner with
Equation 4. However , detailed microscopic calculations on these systems have
been hampered by a lack of information on acoustic and molecular electron-
phonon coupling constants in the systems.
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DisCussIoN

JEROME PERLST EI N (Eastm an Kodak . Rochester . N. Y.): Your interpretation of
the mobility suggests that the mobility ought to be of the order of lO 3cm 2/ (V . sec)
at low temperatures. Do you support that?

EPST EIN: Direct measurement of mobility in (NMP)(TCNQ) and similar ma-
terials via time of flight and other standard techni ques is difficult because of the
high dark conductivity. Also, Hall effect measurements are hampered by anisotropy
and small crystal size . We have been able , however , to directl y detect the band gap
of a system [(N Me 3 H )( 1)(TCNQ)) which exhibits a similar temperature-dependent

V cond uctivity at high temperatures via polari ied reflectivity and thermoelectric
power. These results directly verify the semiconducting nature of (NMe 3H)(I)-
(TCNQ) despite its “metal-like ” conductivity.

AARON Biocri (John.c Hopkins Univ. . Baltimore, Md.) : We found in collecting
(NMP)(TCNQ) samples from many laboratories that the degree of order varies
tremendousl y from batch to batch and even within batches. For examp le, diffuse

V x-ray scattering experiments show everything from almost comp lete order with an
alternation of the dipoles which gives semiconducting behavior , to the very dis-
ordered material that Epstein described.

EPSTEIN: We are discussing onl y disordered systems here.
BLOCH: As far as the phenazine work is concerned , it is by no means clear to

me that one is increasing the RMS random potential experienced for an electron
moving along the TCNQ chain. If you are decreasing it , all the conductivity data
is consistent with the disorder model.

EPSTEIN : The N M P ~ provides positive sites that act as attractive potentials for
electrons moving in a TCNQ chain. If you disorder the attractive potentials you V

have vary ing degrees of barrier heig hts . !f you now add a neutral molecule to the
N M P~ chain it acts as a barrier compared to the attraction of N M P ~ of either
orientation. Hence , it appears that in this system we are increasing the disorder
conside rabl y.

0



FRAMEWORK FOR CLASSIFYING AND
— INTERPRETING THE PHYSICAL PROPERTIES OF

CHARGE-TRANSFER SALTS OF TCNQ: THE
U N I F Y I N G  FEATURE OF ORGANIC M ETALS*

J . B. Torrance t
IBM Thomas ) . Watson Research Center

Yorktown Heights , New York 10598

INTRODUCTION

Interest in hi ghly conducting organic solids has concentrated on the charge-
t ransfer sa lts of the ~trong organic acceptor TCNQ (tetracyano-p-quinodi-
methane)) ~ With use cf a wide variety of inorganic and organic donors , ap-
proximately 400 salts have been made that have segregated stacks , but onl y a very
small number have room-temperature conductivities greater than 50 57~~cm ’. In
fact , this large class of materials shows a wide range of magnetic and structural ,
as well as electr ical , properties. For example , the room-temperature conduc-
tivities range from l0-~ to l0~

3(1~~cm~~. At lower temperatures , some TCNQ
salts have activation energies larger than 0.35 eV , in contrast to HMTSF-
TCNQ,9”° which is still highl y conducting below l°K.  The magnetic susceptibility 

-
in some cases is activated , sometimes roug hly constant; in some materials it rises
sharply at low temperatures , and sometimes exhibits unusual magnetic field de-
pendence . The stoichiometry of donor to TCNQ is I: 1 in the simple salts, but is
often found as 2:3, 1:2 , or even 1:4 in complex salts. The TCNQ molecules in the
acceptor stacks are sometimes uniformly spaced , but more often are grouped into
un its of two, th ree, or four at room temperature. In some of the salts with uniform
stacks at 3000 K , a phase transition is observed at lower temperature , at which the
stacks become distorted .

Similarly, there are a large number of effects and interactions which a’e be-
lieved to have an important influence on these properties: U0 (the Coulomb repul-
sion energy between two electrons on the same molecule), V1 (the Coulomb repul- -

sion between electrons on neighboring molecules), 4: (the bandwidth arising from
the strong in-molecular overlap between molecules along the stack), I (the ex-
change interaction between neighboring spins), p (the number of unpaired elec-
trons per TCNQ), the stoichiometry (whether simple or complex), the polariza-
bi lity and size of the cations , the interaction between stacks (both overlap and
Coulomb), whether the cations are symmetric or asymmetric (and the disorder
that may result from random orientation of the donors in the crystals), steric in-
teractionS between stacks, impurities , the temperature dependence of the mo-
bi lity , effects of stacking faults , whether the stacks are unifor m or distorted , the
coupling of electrons to intermolecular and intramolecular vibrations , as well as

‘Manuscript received Aug. 5, 5977. -
t Present address: IBM Research Laboratory, San Jose, California 95193
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librationa l modes, metallic screening, Peierl s and other instabilities possible in
quasi-one-dimensional systems, structural details , whether cations are radicals or - -

not , and so on. Furthermore , there is no general agreement regarding which of
these interactions are most important and which play onl y a minor role.

Clearl y, the situation is extremel y complex , with a wide variety of properties
and an even wider variety of possible exp lanations and effects to be considered .
Thus , we have no right or reason to expect that any one simple picture or model
will be hel pful to our understanding of the unusual behavior of these complicated 

V

systems. Nevertheless , it is tempting for optimists to at least try to explain the
large variations in the properties of the TCNQ salts as due to differences in one

V variable , assumed to be the most important , key parameter. There have been three
attempts to understand the large differences in the conductivity between ma-
terials: ( I )  LeBlanc ” and later Garito and Heeger hl proposed that differences in
the excitonic polarizabili ty of the cations gave rise to differences in the screening
(or reduction ) of the Coulom b i n teract ions ~~~ 

and Vi) . The variation in the ob-
served conductivity was then attributed to variations in the strength of the Cou-

V lomb interactions; i.e., the weaker the Coulomb repulsion , the higher the con- - V
ductivity. (2) Bloch)3”4 and su bsequentl y the Hungarian group)5~~ have
emphasized the difference in conductivity between salts with symmetric donor
molecu les and those with asym metr ic donors . The idea here is t hat the asymm etric
donors stack wit h random orie n tatio n , giv in g r ise to a ra ndom potential , which
can cou nteract the insulating effects of other interactions and hence increase the
conductivity. (3) A number of workers 3’6 9 2 ~ have proposed that certai n salts have
a high conductivity because they have un i form TCNQ stacks, whereas poorer
cond uctors usuall y have disto rted stacks. Althoug h this is a hel pful (but not sur-
prising) observation , it does n ot add to ou r un dersta n di ng un til it is exp lai ned why
some stacks are uniform and why some are distorted. .

In this paper , we propose aflother , equall y oversimp lified (but , it is hoped ,
better) description of the TCNQ charge-transfer salts , i n which it is assumed that
pola r ization an d diso rder play on ly a minor role. It is suggested 8’22 26 that the
Coulomb interactions ar~’ the dominant interactions and that key varii vble is p. the
number of electrons per TCNQ molecule. We will attempt to explain the variations
i n the gross features of the conductivity, magnetic susceptibility, optical absorp-
tio n , and stack distor tions as directly deter m ined by va ri atio ns i n p. These varia-
t ions i n p can occur because of different ratios of donors to TCNQ and/or be-
cause the charge transfer from the donor to TCNQ can be either complete or
incomplete. It is concluded , for example, that the uni fying common feature of the
known organic metals is an incommensurate (or nonsimp le fractional) value of
p,  due to incomplete charge transfer. ” It is further proposed 23’24 that p is deter-
mined by the ionization potential of the donor molecule and the strength of the
ionic bonding in these materials.

In an earlier pape r ,8 we have concentrated on the properties of the simple ( I :  1)
TCNQ salts , where the differences are larger and more dramatic. In many ways, V

the present paper is a somewhat more speculative extension of that work to include
the complex salts, where the differences are more subtle. It must be emphasized
that these are extremely complicated systems and that we are describing a highly
oversimplified attempt to identify the most important interactions and param-

- - ,v- - V . - -  ~~~~~~~~~~~~~ ~~~~~~~~~~ V - V ~~~~ - ~~~~~~~~~~ V -
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V eters an d to achi eve a broad , general understanding of the basic features of these
materials. This should provide a framework and a starting point for further work ,
which mu st even t uall y include the many other interactions that play a role. The
emphasis of this paper will thus focus on proposing this general framework , and
space limitations will not permit extensive discussions of alternative models, ex-
pla nations, or interpretations of the data. Neither will we be able to reference ade-
quately all of the detailed work or discuss more detailed experiments.

The effects of Coulomb interactions6’26’27 in these materia ls have been descri bed
in terms of an effective Coulomb repulsion energy, U. The energy U is given by
U 1J~ — V,, i.e., the difference between the Coulomb repulsion ((Jo) of two
electrons on the same molecule and that (V1) on neighboring molecules. This en-
ergy is most readil y determined8 by measuring the energy of the charge transfer
band of (TCNQ )2 dimers in solution. This band occurs28 at 1.4 eV (11 ,500 cm ~

‘)
and appears22’~ ’3° to be very similar in a variety of different simple and complex
TCNQ salts. In addition , the dimer charge transfer bands of many donors and
acceptors are not very different , lying in the 1—2 eV range . The point is , presum-
abl y, that 110 and V, may vary for different molecules and in different environ-
ments , but the difference U = (J ,~ — V1 appears to vary onl y slightly. This view is
supported by recent calculations of Hubbard ,3’ which sho w that h igh conductivity
and la rge polar izabil ity do decrease both U0 and V, somewhat in TCNQ salts ,
but the difference U is onl y weak ly affected. Thus, we take U I eV as a repre-

~~~147P 116 . - V
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1.1 TCNQ Salts NMQn —Morph. (-~10’~ )
n— C I

100 200 300 400 500
T(°K)

F~ouaa I . The temperature -dependent conductivity for a number of simple ( 1:1) TCNQ
salts, illustra ting how they fall into two distinct classes. (For meaning of abbreviations , see
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1 2 TCNQ SALTS

10 6 I
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T (°K )

FIG u R E 2. The temperature dependence of the conductivity of a number of complex
TCNQ salts , illustrating how they can be divided into two classes (Ill and lv). (For mean-
ing of abbreviations , see TABLE 2.)

sentative value and assume (for simplicity) that it is the same for all TCNQ and ,- V

donor stacks.
Another important parameter is 41, the bandwidth associated with in-molecular

overl ap down the stack. This quantity can be determined from calculations or
from measurements of the plasma frequency. Calculations for the TTF an d TCNQ
stacks in TTF-TCNQ give 32 4: — ~ eV , in agreement with the value inferred from
plasma frequency measurements.33 The observed stack spacings in other salts are.
not very different ,4’5’M and the plasma frequencies (fo r NMP-TCNQ and TEA-
TCNQ2) do not appear to differ strongl y.33 For these reasons, it is reasonable to
assume (for simplicity) that 4t — ~ cV for all the donor and TCNQ stacks. (In
cases of eclipsed overlap, e.g. K-T CNQ and TTF-Br ~,, the actual values are ap-
preciably larger than this estimate.)

In our model , the key parameter that differs from one TCNQ salt to another
is not U or 4:, but is p, the number of unpaired electrons per molecule (on aver-
age). It is variations in this parameter which po for the variation in
physical properties observed. For a compound D-TCNQ,, with complete charge
transfer from the donor , D, to TCNQ, p on the TCNQ stack would be determined
by the stoichiometry: p — I/n. If the charge transfer is incomplete, p will be
somewhat less than this value on the TCNQ stack. Similarly, we must consider
the number of unpaired electrons on the donor stack. While we can get an estimate
of p fr om the stoichiometry , we will be free to postulate incomplete charge trans-

V 
fer in some cases in order to explain the observed properties. In a few of these
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V

cases, there is an experimental measure of the value of p, but in general there is
not. We further assert that the value of p is determined23 2’ by the ionic bonding in
these crystals. We do not understand this relationship well enough quantitatively
in order to be able either to calculate or predict the exact value of p, but from a
qualitative examination of the crystal structure and the ionization potential of the
donor , we can understand 8 the general difference between those donors which
give insulating and those which give metallic 1:1 TCNQ salts. For the complex

V salts, we can only attempt to rationalize the differences in p that are postulated

TABLE I .

V V THE CATIONS OF SIMPLE 1:1 TCNQ SALTS , DIVIDED INTO CLASS I AND II

Class I Cations
Na~ (Li , K~, Cs~, Rb~)

H
I,

- H C  — N — C 2H5triethy limmonium ITEAI 6 2
C2H5

~ammonium NH4 1

H~~~~~)4

morpholinium IMorphl L~)

CH3

N—methylpyridinium (NMPyI

(pyridinium ) I
(4Vcy~n~ VNMPy 

V 
-

.

CH3

N—methyl py razi nium LI~’~J
Cu3

N—methylqu inol inium INMOnI ‘

(4-cyano-NMQn ,
(8-hy&oxy-NMQn $

CH3 V

N-msthylscrId4nkam lNMA dl IL
- ~~~ ~~~ 

V

- 

*
‘
~ - ‘ kr~!-~ - -

-
V V

- ~~~~ ~~~~~~~
-
~ -

~~
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- TABLE I (Continued)

Class II Cations
H
0 H
I I

5, 8 dihydroxyquinolinium 
.

“ +

~~CH3

N—methylphenazinium LNMPI

V 

t e t :
::a,i~~~~

1 

ITSaF))

V 

hexamethylene — TSeF IHMTSF I 

~~~~~~~

- 
V 

~ 4, 4’ bith iopyranium IBTP)

for these materials on the basis of differences in their crystal structure (see V

DETERMINATION OF p AND CHARGE TRANSFER).
Another possible description of this paper would be: Assuming only that U —

I e V and 4: ~ e Vfor al/stacks in al/ compounds, how much of the variations in the
gross properties (conductivity , susceptibility, optics, and stack distortions) can be

V understood by considering only variations in the parameter p? And how reasonable
are these values of p which are postulated (from the point of view of the donor
ionization potential and the ionic binding energy of the crystal)?

- V 
CLASSIFICATION AND CONDUCTIVITY

be classified in a simple, empirical way, based on both their stoichiometry and
their conductivity. Thus, the single-crystal conductivity data for a number of
representative TCNQ salts are shown separately in FIGuRE 1 for simple (1:1)

- : - 
— - salts”9~

35 and in FIGURE 2 for complex salts. ”2’9’~’~~ On the basis of their con-

~~~ In this section, charge-transfer salts of TCNQ that have segregated stacks will

- 

~~~~ 
8;):

~~~~~~~~~~~~~~~~ 
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TABLE 2
THE CAnoNs OF COMPLEX 1CNQ SALTS , DIVIDED INTO CLASS I l l  AND IV

Class I ll Cations
( 1:2 salts unless noted)

Cs~
2’39

~
63 ( 2:3)

triethyIammonium 2’~~ [T EAl H5 C2 — N — C2 H5
C2 H5

C3 H7

N -pro pyI qu i noI inium 2
~~ (NPQn J .“ +

‘

~~~~
(4-cyano-N-methyl On (CNNMQnJ ) ...~ —

methyl- tr iphen ylarsonium 38 65 f M 03 As) ~H3
(Me O3 P) 65

H3C~ ~~~~~ ,CH3
N,N,N’,N’ -tetramethyl-p-phenylenediamine74 ITMPD J I N —K’ ‘)— N~

H3C \:=:J CH3

H H 
V

3,3-diethylthiazo linocarbocy aninium 3 lEt 2 Tz CCI 
H f S $ H V

(intermediate conductivity form) H _4...,NJ_CH - CH — CH tN~
4_H V

C2H5 C2 H5

4-4’ Bipyridinium1 ’11 H-N~~~~~~___( + N-H

1,2-di (N-sthyI-4-pyridinium) ethylun. 7 IDEPE) (1:4)
(form I I )  

H5 C2 — N~~~~~)_.CH s CH_(f~~~~N — C2 H5

:

‘V’ :~~
‘ 
J _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

V -~~
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1

TABLE 2 (ContInued)
Class IV Cations

( 1:2 salts unless noted)
H

quinoIinium 3’37
~
69 tOn i

( N .m.thyI Qn , phase A)

H

acridinium 3’37 70 (Adi
(N .m eth y l Ad )

S — s

tetrathiotetracene~~
7t [TTT I - -

~
- 

V

S — S

H H

3,3-diethylthiazolinocarbocyaninium 3 lE t 2 Tz CCI H 
~ 

j H 
V -

(high conductivity form) 
H4%N)_CH CH— CH 

~LN4H 
V

H 1 .  H
C2 H5 C2H5

V 

2-2’ Bipyridinlum16’17 

~~~~~~~~

1,2-di (N-,thyl-4-pyri dinium ) ethylene87 [DEPE I (1:4)
(form i) 

HS C2 NO
CH CH.. ..CN.C? H&

V V ~~ 
~~

_ _ _ _  ---V ~- -~~ -V_ _ - -- _ _ _ _
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ductivity behavior (FIGURE I) , the si m ple salts clea r ly div ide themselves8 into two
very distinct groups , called Class I and Class II , whose cond uct i vities at 300°K
differ by —6  orders of magnitude. For example , K-TCNQ, NMQn-TCNQ, and
other Class I salts (see TABLE I) are practicall y insulating , with large activation
energ ies and ~ (3O0°K) < 10~~ cm~~. On the other hand , salts i n Class II
(see TABLE I) such as NMP- and TTF-TCNQ, have a very high conductivity,
which initiall y increases with decreasing temperature below 300° K. For this rca-
son , these salts are called “metallic” (even though they are generally not metallic
at low temperatures).

The difference in the conductivity behavior of the complex salts (FIGURE 2) is
not as la rge or as sh ar ply defined as for the simple salts. Nevertheless , we can
group those salts with u(300°K) < 1011 ’cm ’ and wit h activation energ ies
> 0. 1 eV i nto Class I ll , whereas those salts which are “metall ic” near 300°K

SIMPLE (1:1 ) COMPLEX (1 :2)

o LOW HIGH INTERMED. HIGH
CLASS I I I III  (V

EXAMPLE K—TCNQ TTF—TCNQ TEA—TCNQ 2 Qn—TCNQ 2
C. T. COMPLETE? YES NO YES NO

p (TCNQ) p l  p< 1  p l/2 p< 1/2

SCHEMATIC IENERGY I —u
STATES E

OF TCNQ -
STACK -

El E-~~~~fl
FIGURE 3. How the TCNQ salts are classified on the basis of the magnitude of their ‘ 

- 

V

conductivity and are interpreted in terms of diff erent values of p ,  th~ average number of
unpaired electrons per molecule. - 

V

with a(300°K) > 5Ofl ’cm~ are assigned to Class IV. All of the cations of Class
IV salts are listed in TABLE 2, along with a number of those from Class III. Many
other complex salts that would probabl y fall in Class Ill cannot be classified be-
cause of inadequate characterization; i.e., all that is known is the conductivity of a
compacted powder at 300 K. Considerable improvement in our understanding of
the complex salts of TCNQ can be expected from the recent work of the Hun-
garian group. IS i? 

V

The empirical classification described above and summarized in FIGURE 3 is
related to that introduced by Siemons ci al.2 and by Shchegolev ,3 in which the
TCNQ salts were grouped as “insulating, ” “intermediate,” or “highly conduct-
ing. ” For reasons that will be apparent subsequently, we have subdivided their
“highly conducting ” salts into Classes II and IV , depending on whether they are
simple or complex. In addition , we have recognized that the “insulating ” salts are 

- 
-

V -

— Vp
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V 
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(almost) all simple salts (Class I) and the “inte rmediate ” conductors are almost
entirely complex salts (Class I I I ) .  (Note that we are considering onl y TCNQ salts
with segregated stacks.)

Furthermore , we propose an in terp retation for the differences between the
properties of salts in different classes, as summarized in FIGURE 3. According to
th is interpretation , Class I salts have comp lete transfer of one cha rge fr om the
donor to TCNQ, so that there is p = I electron per TCNQ molecule. Such salts
are insulators , called Mott i n sulato rs, because of the large Coulomb repulsion
energy , U — I eV; i.e., in order for an electron to move down the stack (and
contribute to the conductivity), it must be exci ted from one molecule to a neigh-
boring one. For p = I , the neighboring molecule already has an unpaired elec-
tro n and the energy to activate conduction involves 40’4’ the elect ron -repu lsio n
energy U. As is discussed extensive ly in Reference 8, salts in Class II are asserted to
have incomplete transfer of electrons from donor to TCNQ, so that the re are
p < I electrons per TCNQ molecule (on average). Now an unpaired electron may
have a neut ral TCN Q molecule neighboring and the electron can mo ve down
the stack , without havi ng to overcome the large Coulomb interactions (which are
still present). Thus, as discussed in Reference 8, the di fference between the in-
sulators of Class I and the metals of Class II is the difference between complete and
incomplete charge tran sfer , i.e., the difference between complete and partial re-
duction of TCNQ ° to TCNQ , or the difference between mono valence and mixed
valence.

Somewhat analogous 
V
difl~erences are proposed25 for the difference between

Classes III  and IV , with complete and incomplete charge transfer in III  and lv , V

respectively . Since the charge transfer for Class Il l  salts is postulated to be corn- V

plete , the value of p for D-TCNQ,, is determ i ned by t he stoichiomet ry : p = I/n.

For n = 2 (or the less common value of n = ~~~, as in Cs2 TCNQ3), p = ~ (or

~
). Such values , which are simple fractions , are called commensurate, as opposed

to an incommensurate value of p,  which could not be represented by such a simple
ratio of two , relativel y small i n tegers. For such commensurate val ues, such as
p — ~, there are a number of different mechanisms 0.42~~~ proposed which would 

V

ca use the conductivity to be activated with a large activation energy, V. As an ex-
ample , the repu lsion , vi, between electrons on neighboring molecules (if st rong
enoug h) gives rise’5 to a gap of magnitude V V, — 2,, for p ~ . We will
not discuss this or the other mechanisms here, but wil l simpl y point out that they
apply only for com mensurate va l ues of p (= ~ , ~, etc.).

In Class IV salts, on the other hand , we assert that t he cha rge tra nsfer is in-
complete, so that p is no longer simply related to the stoichiometry and has some
incommensurate values, i.e., a value which is not a simple fraction. Just as a devia- V

tion of p from p I enables the conductivity of Class II salts to avoid being
limited by U, a deviatio n from p — ~ in Class IV salts enables their conduc-
tivity to avoid being limited by the energies V in the mechanisms which have been
proposed’530~’2 “ for Class Il l  salts.

The above discussion can also be made from a band point of view , with the aid
of FIGURE 3. Here we give a very schematic representation of the energy states (or
bands) of a TCNQ stack , for example. There is an energy gap in the band of
magnitude — U if p  — I and a gap — V for p — ~~. Different values of p for the

- _ _ _  - - V V~~~~~ 
V -~~
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di fferent classes cause the states to be filled up to different levels, as is self -
explanatory from the figure.

The i n terpretat ion of the di fferences i n the cond uct ivity between classes may be
summarized as follows: if p = I (as in Class I) conduction can occur down the

V stack at a cost of the large Coulom b energy U, which makes these sa l ts insul at ing.
If p — ~ (or 

~ ), the energy cost of conduction is the weaker interaction V and the
conductivity is intermediate . If , on the other hand , the charge transfer is incom-
plete, then p will not be commensurate and the conductivity will not be limited by
these relativel y large Coulomb energies. Thus , the organic metals i.e., those in
Class II and IV , have as a common and un ifying feature incomplete charge trans-
fer and consequently an incommensurate value of p. and this is why they are
metallic. 25

The evidence for p < I in Class II salts is summarized in Reference 8. It
comes most con vi ncingly from diffuse x-ray- and neutron-scattering measure-
ments ,’6~’7 although early indication came from susceptibility, 6 optical ,22 N MR ,48 

V

and thermopower ’9 measurements. The incomplete charge transfer postulated
here for Class IV salts is evidenced in our interpretation of the magnetic sus-

V ceptibility, 3
~
50 specifi c heat ,3’50’5’ NMR ,52 an d stru ctu ral measurements , and was

also proposed on the basis of thermopower measurement s. 53 In particular , we
propose that the low-temperature specific heat and tail in the magnetic suscepti-

V bility are caused by unpair ed elect rons on the donor stacks, wh ich were n ot t rans-
ferred to the TCNQ stack (see MAGNETIC SUSCEPTIBILITY) . Further evidence is V

contained in recent N M R  measurements reported by Shchegolev .52

RELATION BETWEEN CONDUCTIVITY , DISTORTIONS , AND p

It is clear that the conductivity of a TCNQ stack is related to whether the
TCNQ molecules are uniforml y spaced down the stack , or whether there is some -

sort of periodic distortion that makes the stack spacing nonuniform. Indeed , it
has been proposed3”9 2’ that the difference between the poor conductivities of 4
Classes I and III , compared with the higher conductivities of Classes II aid IV V

(FIGuREs I and~ 2), is caused by the difference between the distorted stacks ob-
served in the former and the uniform stacks found in the latter salts. Others have
suggested 12,14 that in order to design an organic metal , it is necessary to have uni-
form stacks. There are two problems with this approach of relating the conduc-
tivity directly to the distortions: first , the stack uniformity is not the whole effect. 

V

It is true that many of the Class I salts are observed to be dimerized (distorted), but
it is also true that Na-, K-, and Rb(phase lI)-TCNQ each have uniform stacks at
high temperaturesM

~ and they are still Insulating .” (The point is that they arc
insulating because of Coulomb interactions ,22’38 i.e. U, and not because of the
distortions.) Similarly, Class III  salts would be poor conductors due to V. even if
they had uniform stacks. The second problem with this approach is that it is only
a correlation and not an explanation: i.e., it gives no understanding of why some
stacks are uniform and why some are distorted and gives no hint of how to design a
material with uniform stacks. This situation is inadequate , because the types of
distortions or lack of them need not be viewed as a feature of the crystal structure

V~ ~~~~~~~~~~~~~~~~~~~~~~~ _~~VV ~ V ~~~V 
— - - - - --— —
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wh ich is beyond our understanding. An important contribution of solid-state
ph ysicists to this field is to recognize that , in man y cases, the distortio ns of these
quasi-one-dimensional stacks are driven by electro nic an d magnetic properties
an d are th us un derstandable and even predictable . I n fact , the distortio ns can
provide valuable experimental information that hel ps deter m ine the very n at u re of
the electronic a n d mag netic interactions. Thus , we should not regard distortions
as the or igin from which all properties are determined; rather , the disto rtions and
the electronic and magnetic properties are all related . En our view , these are all re-
lated via p, as we shall see. (Just as the above approach is inadequate without
an exp lan atio n of why the stacks in some cases are unifor m , our approach is not
complete until the Section DETERMINATION OF p AND CHARGE TRANSFER ,
where we show how the p is determined by donor ionization potential and the

• ionic bonding.)
The electronic and magnetic properties of quasi -one-di mension al systems

cause the stacks to be unstable to a number of possible distortions. For the pur-
pose of this paper , t he important point is that the periodicity ( A )  of these distor-
tions is related to the Fermi wavevector , whic h is in turn related to the average

V - number p of u n pai red elect ron s per molecule:

(1 )
d ~f~P

where d is the intermolecular spacing along the stack and 
~
{, = I or 2 , depending

on the nature of the instability .26’39 For example , i n the case of the Spin-Peicris
trans itio n~

61 discussed in the next section , ,
~ 

= I , so that if p I , (1) gives V

A/d = 2; i.e., the stack will dimerize . If p is another commensurate value (e.g
3 or ~), a com mensurate distortion is expected (A/d = 4 or 3). If , on the other
ha nd, p is incommensurate (e.g. p = 0.59 as in TTF-TCNQ’6 ), an incom-
mensurate distortion is expected (and found” in TTF-TCNQ at A/d — 3.3S and
I .69 for J~, — I and 2). This distinction is important because commensurate dis-
to rtions are expected62 to be much stronger and to occur at higher temperature
than i ncommensurate ones; it is much easier and more effective i~ the distortion
has to double the stacking period rather than make the period 1 .69 times as long.
Hence , systems with incommensurate values of p will tend to distort weakly and at
low tem perat u res, whereas commensurate systems may well be already strong ly
distorted at 300° K. V

We now discuss the proposed exp lanation for the distortions (or lack of them)
in these salts. For Class I salts , p I and , as discussed in the next section , these
salts are expected to have and are observed to have phase transitions which we V

identify as Spin-Pe ierls tran sitions ,60
~6’ below which the stacks are dimerized. For

Class Ill , p — 3 (and sometimes ~), a number of distortions and mechanisms are
possible.50”2 “The most common distortion obscrved ’3~~ at room temperature
is a tetramerization for p 3 which could indicate a delicate balance of long-
range interactions ,50 even a Spin-Peier ls transition , or one of the other mecha-
nisms. Class II and (V salts, on the other hand , are approximatel y uniform ’7 7’ at
room temperature. More carefu l examination by diffuse x-ray scattering, how-
ever , reveals a distortion in both TTF- and NMP-TCNQ at room temperature ,””7
with a period of — 1.69 lattice constants for TTF-TCNQ. The important point is

- - -V V V -- - - V -- - 
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that the magnitude of the distortions in Class II and IV salts are very weak com-
pared to the easily observable distortions in Classes I and III .  This difference is V

because the distortions are much stronger if the period of the distortion , and hence
p,  is commensurate. 62

Thus , for a commens urate value of p, Coulo m b in teractions and large distor-
tions can combine to severely limit the conductivity, whereas for incommensurate
p both effects are mu ch weaker, allowi ng hi gh conductivity in Classes II and IV .
These are the reasons why an incommensurate value of p is the common an d
unif ying feat ure of organic metals. (The effects of three-dimensional phase transi-
tions are discussed in PHASE TRANSITIONS.)

Although the tet ramer ized 1: 2 TCNQ salts may well be understood with use
some of the mechanisms proposed previousl y, a n umber of other salts appear to
require a different mechanism. Specifically, the combinatio n of ( I )  low conduc-
tivity, (2) p = 3; and (3) large magnetic susceptibility of TMPD-TCNQ 2, 12 14

Et4 N-TCNQ2 , 72 and MEM-TCNQ 2 72’75 suggest that in the TCNQ stacks of these
materials the long-range Coulomb interactions have caused the electrons to be
ordered on alternate molecules down the stack , forming a so-called Wigner crys-

V ta l .2’ As i n the other mechanisms , if p < 3 (and incommensurate), this system
wou ld be much more conducti n g .

SPIN-PEI ERLS TRANSITION IN CLASS I SALTS

The magnetic properties of Class I salts have been extensivel y studied in the
pioneering work of Vegter and coworkers. ’9 ’2° They discovered that NH 4 -TCNQ
and all of the sim ple alkal i-TCNVQ salts 76 (with the exception of Li-TCNQ) show an

p 
I I I

2 - NH4-TCNQ -

Cs -

I 
- - FI GUR E 4. The magnetic sus-

ceptibility of NH 4 and a num-
ber of alka li-TCNQ salts as

Rb (II) measured by Vegtcr et a!,19 The
- - 

phase transitions indicated by the
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FI GURE 5. A com parison of the /conductivity (after Ref. 57) and .

~ /magnetic susceptibility (after Ref. ~ 2 / X -

19) of Na-TCNQ . showing that I
I

e is still strongly activated (in- /
sulating) above the phase transi- /
tion near 350° K.

No -TCNQ -
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anomaly in the magnetic susceptibility as shown in FIGURE 4, indicative of a phase
transition. The x-ray structure s~ ’55 of K- and Na-TCNQ as well as Guinier pat-
terns ’9 ’2° on other salts indicate that the TCNQ stacks are dimerized below the
phase transition and uniform above (although there are undoubtedl y some strong
fluctuations 77 ). In some salts the phase transition is second order; in others it i~ 

V

first order. I t is importa n t to note that these mater ials are sti l l in sula t ing above the V

phase transition ,57 where the stacks are un iform . ’9’54
~’ As seen in FIGURE 5 for

Na-TCNQ, the conductivity 57 is onl y weakl y affected by the onset of the distor-
tion , but there is a strong influence on the magnetic susceptibility. ’9 Furthermore ,
the nat u re and or igin of these phase t ran sit ions has not prev iously been identified.

We identif y these phase transitions as Spin-Peierls transitions ,60’6’ where the
energy gained by the distortion is magnetic rather than electronic as in the usual
Peierls transition. Assuming that the Coulomb interaction s ( U )  are strong in these
materials , the excitation spectrum 4’ can be schematically shown , as in FI GURE 6. V

As discussed earlier , for p = I (as in the Class I salts being considered here) there
is a cost in energy — (1 to excite an electron down the - stack. Hence, these mate-
rials are insulating with a large activation energy (— ‘ U )  and there is no electronic
degeneracy that could be removed by a Jahn-Teller-like distortion. (One could say V

that this degeneracy has already been removed by the large intramolecular Cou-
lom b i nteraction , U.) Although the electronic excitations have no degeneracies, the
magnetic or spin excitations for a uniform stack have degeneracics at k — —t/ a , V

0 and +Ir / a (FI GUR E 6). It is known ’°’6’ that a dimerization of such a stack re-
moves these degeneracies (actually the degeneracics in the two-spin wave states)
and thus gain more than enough magnetic energy to compensate for the deforma-
tion energy. Such a Jahn-TelIer-like distortion has been called a Spin-Peierls dis-
tortion by Pytte ,6° who first worked out the dynamics of the Spin-Peicrls phase
transition. We identify the phase transitions discovered by Vegtcr and Kom-
mandeur in Class I salts as Spin-Peierls transitions , which we would also expect
in other Class I salts.

- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V - VVV ~~~~ V~~ _ - -
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Since similar magnetic degeneracies remain 75 for cases with p < I , the Spin-
Peierls transition can , in principle , be extended and generali zed to these cases. For
such a transition we use — I in ( 1)  and obtain A/ d 2/p. Thus for — 3
(or~ ), i.e., Class III  salts , one would thus expect a tetramerization (trimerization) .
Although such distortions are commonl y observed i n thi s Class, a distinct Spin-
Peierls phase transition has not been discovered, and other effects (discussed ear-
lier) undoubtedl y also play an important role. Thus , Spin-Peierls effects probably
are important in the distortions of Class I ll sa l ts, but at this stage we cannot say

V how important. We note also that it has been suggested79 that Spin-Peier ls effects
play a significant role in the phase transition in TTF-TCNQ.

E(K)

E lect ron ic
V Excitations

FIGURE 6. The exci tation , spec-
t rum .(schcmatic) for a p = I uni-
form stack , showing the de-
generacy in the spin excitations
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g ~‘electronic (electron-hole) excita-
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tions (after Ref. 41).
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MAGNETIC SUSCEPTIBILITY

In the case of strong Coulomb interactions ( U ) ,  it has been shown by Shiba 8°
and by Klein and Seitz8’ that the magnetic susceptibility of a uniform stack of
molecules with an average number, p .  of spins (unpaired electrons) can be re-
lated 82 to the susceptibility x , of a stack of spins with p — I by

~( T )  — p x i ( T, J )  (2) V

where the effective exchange interaction 78’8’ between spins is given by -

.. — J op ( l — 
sin 2;p ) (3)

with J ~ — 212/ U. Thus, x is strongly dependent on the value of p. through the
factor in (2), but more importantly through the dependence of J on p in (3). This
dependence is plotted in FIGURE 7, using U — I eV and 41 — 3 eV, which gives
.10 — 350 K. Using the same value for J 0 for all stacks in all TCNQ salts, the

- , 
- 

- predicted magnetic susceptibility is obtained by use of (2) and (3) with the nu-
- 

- merical solution h3M for x ,  the only variable being the value of p.

~~~~~~~~~~~~~~~~~~~~~ . 
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FIGURE 7. The magnitude of the effective exchange interaction , J , as a function of p.
assuming U — I eV , 4: — 3 eV , so tha t J 0 — 2,2/t i  — 350°K.

Using the values of p in TABLE 3 for the donor and TCNQ stacks in TTF-
TCNQ, NMP-TCNQ, and Qn-TCNQ2, we obtain the calculated ~( T )  shown in
FIGuRE 8, compared to the observed ~( T)  of FIGURE 9. The major feature to note
is how well the differences in general behavior between the different salts are ac-
counted for by including only variations in p. The agreement could be improved
considórably if 4: and U were allowed to vary on different stacks in different mate-
rials and if further (weak) interactions were included. Note that ~( T)  contains V

contribution from both the donor and TCNQ stacks. The rise calculated at lov~
V 

tcmperatures in both NMP-TCNQ~ and Qn-TCNQ2 is caused by the small value
of p on the donor stack (TABLE 3). This small number p of spins means a small
value of the exchange (FIGURE 7) (since they are far apart) and hence a large con-
tribution to ~ near T — J — I — 10 K. V

TABLE 3
VALUES OF TIl E K ay PARAMETER p ASSUMED FOR THE DONOR AND

ACCEPTOR STACKS OF THE TH RE E SALTS LISTED AND THE VALUES OF J
OBTAINED FROM (3) OR FIGURE 7

p J ( p )

V 
- TTF- 0.59 235 K

- 
V - TCNQ 0.59 235

N M P - 0.10 2
TCNQ 0.90 348

Qn 0,3- (0.02)3x 0
TCNQ 0.49 168
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FIGURE 8. The calculated magnetic susceptibility for TrF-, NMP -, and Qn 5-TCNQ as-
suming J 0 350° K , p from TABLE 3 and FIGURE 7. Note that x of the Qn salt is nor-

V malized per TCNQ molecule .

Such a susceptibility tail is found in all Class IV saIts 3
~’5~’7~°57 ’88 (except TTT-

TCNQ2). Shchegolev pointed out that from the same solution of donor and
TCNQ, either a Class III or I V salt cou ld be for med, depending on the solution

V 
: con dit ions, and that the Class IV salt had the ta il in 

~~. Thus, the ~ tail and high
conductivity appear to be somehow related. We suggest that both are conse-
quences of incomplete charge transfer , which leaves a small number of spins on
the donor chain (to give the tail in x) and leaves p on the TCNQ stack incom-
mensurate (to give high a)

It is clear from the theoretical anal ysis3’88
~

9 and the elegant exper iments 3
~~’55

V on these x tails that they are caused by a small numbe r of spins (— 1%) which have
a dis tr ibution of very weak values off ( --0-- 5°K). In a stack with a hi gh den sity of
spins (p — 3) the exchange interactions would be strong (J — 2000 K), and it is
necessary to postulate unrealistically strong disorder in order to have a probability
of a very weak J .  On the other hand , the small number of electrons proposed here
to be on the donor stack due to incomplete charge transfer would have a small ex-
change (FIGURE 7) (since they are far apart on average) and would be strong ly
affected by even weak disorder or thermal effects. We suggest that this latter ap-
proach is a more reasonable starting point to examine and interpret the tails ob-
served in the ~ of many Class IV salts. It also accounts for their high conductivity.

There are a number of other important features of the susceptibility data in
FIGURE 9. The magnitude of ~ near lOO-300 K in Qn-TCNQ2 is as large as that
per TCNQ molecule TTF-TC NQ. Such a large magnitude of ~ has been shown 83

to demonstrate the importance of strong Coulomb interactions, which must be
present in Qn-TCNQ2 as well. This conclusion is in agreement with that obtained
from thcrmopower measurements,~ but the conclusion obtained from N MR cx-
pcrimcnts~ 9’ is still unclear. Note also that at low temperatures this large value - 

V
V~~V~ of x persists even though the conductivity is decreasing, as is possible in a system “ ‘~~ 

V

with strong Coulomb interactions . -~~ -~~
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V PHASE TRANSITIONS

As we have seen , many of the differences in the general feat ures of the con-
ductivity, opt ical properties , susceptibility, and stack distortio ns can be u nder-
stood in term s of d:fferences in p, using a model wit h consta n t IJ( — I eV) and
constant 4 t (— - 3 eV). For some features , it is also necessary to include inter-

V molecular Coulomb interactions as well. For Class I and Ill  salts , we are abl e to
see why the stack disto rtions are so st rong and why the cond uctiv i ty and suscep-

- tibi l ity are activated. In Classes Il and IV , we can see why the distortions are much
weaker , and wh y both the conductivity and susceptibility are high. It must be
recogni zed that other interactions must be added to this simple model in order
to explain several major features. For examp le, the amp litude of the distort ions

V would be zero i f we did not i nclude a coup ling of the intermolecular vibrations
with the electronic and/or magnetic interactions. Similarl y, the conductivity
would be infinite without including some scattering mechanism for the electrons
and would remain high to zero temperature unless we added enoug h interactions
to give a phase transition. The essential interaction to achieve a phase tra nsition

V is interstack coupling.
V Thus , differences in interstack coupling are expected to give rise to differences

in the phase-transition temperature , for examp le, between 29°K for TSeF- and
53°K for TTF-TCNQ.92 I t is our view that differences in interstack coupli ng may V

play a n imp orta n t role in the determin atio n of observed di fferences in the phase-
transition temperatures of materials within Class II , for example , but that the
larger di fferences between classes are determined by the stronger difference be- V
tween incommensurate and commensurate values of p. This is a somewhat com-

V plex issue , since the interstack coupling varies with p: ( I )  for commensurate p,
the phase t ran sition is m uch less strong ly dependent on interstack coupling; 62 and
(2) for Coulomb interstack interactions , the magni t ude of the inte ra ctio n de-

V 10 ~
- Calculated

V J0 = 350° l(
8 p from Table

6 
~~~

\

\V
~~~V V V V V V V V V V V V V V V V  
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2 Qn05-TCNQ V
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V T(°K)

- - V ~ FIGuRE 9. The experimental magnetic susceptibility of TTF- , NMP- , and Qn 5-TCNQ
from, respectively, Scott ci al. 1974. Phys. Rev . BlO: 3131; Ref. 27; and Mihaly ci al 1975.
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pends93 exponentially on p. Thus interstack coupling may depend strongly on p.
and again we conclude that an appropriate and important independent variable
is p .

DET ERMINATION OF p AND CHARGE TRANSFER

We propose that the value of p and the degree of charge transfer in TCNQ
salts are determined primarily by two factors: ( I )  the ionization potential of the V

donor; and (2) the electrostatic binding energy of the ionic structure formed. In
salts with segregated stacks , the important feature is the repulsion between like
charges along the stacks. If this repulsion is not compensated, it is energetically

e’ -s. ~~~~~~~~~+ —

~ ‘S ~~~~~~~~~

Na - TCNQ TTF-TCNQ
Class I Class II

V V 

+~~~~~WA~~~~

W
A ’S

TEA-1cNQ2 Qn -1CNQ2
Class III Ad

V ITT-
Class IV

FIGURE 10. Schematic diagram of the stacks and charges in representative exampks of
V 

each of the four classes.

- favorable to increase the average spacing between charges along the stack by either V

incomplete charge transfer or by forming a complex salt.~’ This is illustrated in V

FIGURE 10, where an example of complete charge transfer is given (Class I) along
with cases of incomplete charge transfer (Class II) and complex salt formation
(Classes Ill  and IV). It is clearly seen that the repulsion along the stack is reduced
in Classes II , III , and IV by having p < I .

The case of the simple salts and the differences between Classes I and II have
been discussed elsewhcre.’2 ’~ Basically, it is shown that small donors (such as K )

V 

- with low ionization potentials form strongly Ionic salts with TCNQ , hence have
- - V ~ .V ;~~ p — I , and fall into Class I. On the other hand, more bulky donors (such as h F )

with higher ionization potentials form weakly or partly ionic salts with TCNQ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. 
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hence have p < I , and fall into Class II . These effects are extensivel y discussed
elsewhere.824 

V

The case of the complex salts is more complicated , since both Class III  and IV
salts have reduced the intrastack repulsion by forming a complex salt; hence,
more subtle reasons must generall y be responsible for why they would or would
not have incomplete charge transfer. While we readil y admit that we do not fully
understand the difference between Classes Ill  and IV , we have found one impor-
tant difference in their st r uctu re: There are two generall y different ways to form a
stacked salt with twice as many TCNQ molecules as donors (for a 1:2 salt): there
can be an equal number of TCNQ and donor stacks, with the donor-donor spacing

V being twice that between TCNQ molecules , as in TEA-TCNQ2 (FIGURE 10); or ,
there can be twice as many TCN Q stacks as donor stacks , as in Qn-TCNQ2 V

(F rG URE 10). Although only a few crystal structures are known , those63 66.74.75 of V

Class III  are of the former ty pe, whereas all those~ ~ known in Class IV have
twice as m any TCN Q stacks as dono rs, as show n schematicall y in FIGURE 10.
I n the case of complete charge transfer in the Class Ill-like structures. both the
charges alo ng both the donor and TCNQ stacks are separated by a la rge ( — 8  A)
distance. Although this would also be true of the charges along the TCNQ stacks
in the Class IV- like structures , the cha rges along t he donor stack would be only
— 4 A apart. We suggest that the repulsion between these positive charges on the
donor stack is alleviated by incomplete charge transfer in these materials (Class
IV). It is not clear wh y this mechanism would favor such a small departure as 4°/a
from complete charge transfer , which is the amount suggested from our interpreta-
tion of the tail in the magnetic susceptibility. It is important to determine the
crystal structure of other members of Classes II I  and IV in order to determine
how closely these two types of structures are associated with these two classes.
There might be other structural reasons in other Class IV salts for wh y th ey have
incomp lete charge transfer.

We should emphasize to what extent we can and cannot predict into which
class the TCNQ salt of a given donor will fall. First , it might form alternating
stacks or be nonstackin~, something we admittedly cannot predict , and hence
would not fall into any of the above classes. Secondly, we cannot predict whether
a given donor will form complex or simple salts (or both , as some are foun d to
form). But , if a given donor does form a simp le salt with segregated stacks, a corn-
parison of its size (for example) and its ionization potential with those donors in
TABLE 1 will allow us to predict relatively uniquely whether it will -fall into Class I
or II. If a given donor forms a complex salt , however , we cannot predict whether
it will fall into Class Il l  or IV , since this difference presumably depends largely on
the crystal structure formed. Nevertheless, there may be a tendency for nonplanar
donors, which do not like to stack , to form Class III  salts. Clearly, we have much
more to learn if we are ever going to be able to predict the properties of a TCNQ 

V

salt with a new donor.

CONCLUSION

It might at first seem somewhat surprising that there are any quasi-one-
dimensional organic metals at all. The strong Coulomb interactions would be cx-
pected to severely limit the conductivity, and at least one of the number of insta-

V V- - - --
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bilities possible in such systems should certainly be expected to make them
insulating. In fact , the vast majority of TCNQ salts are either insulating (Class I)
or intermediate conductors (Class III), wit h on ly a handful of organic metals
(Classes 11 and I V) (FI GURES I and 2). The large conductivity of these materials
has been achieved , not by decreasing the Coulomb and other strong i nteractions ,
but by avoiding them by having p incommensurate. At the same time, the st rong
instabilities characteristic of commensurate systems are exchanged for weaker ,
more subtle instabilities found which occur at lower temperatures when p is in-
commensurate. These features are consistent not onl y with all the known organic
metals with TCNQ as the acceptor , but with the halide salts of TTF as well , where
these points are all more clear ly evident .24

~
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DISCUSSION

V A. R. S1EDLE (National Bureau of Standards. Washington. D.C.): Why are there
-
~~ V flO pa~ ially oxidized ~~ F’s with less than 0.6 bromine~

_ _ _ _  
V
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V

TORRANCE: The point is that there is an optimum bromine concentration that
is determined by a competition between the Madelung energy and the molecular V

energy ( I ~ — E4)of charge transfer. The way to get a composition of’ less aniom ,
V e.g., p 0.33, is to make another system, one with a poore r acceptor (e.g., I or

SCN), a poorer and bulkier donor , or both. Perhaps the phtha~ocyanine iodides
are such systems.

V ARTHUR 3. EPSTEIN: ( 1) The scheme you propose relies upon using a Wigner
latt ice, which is inappropriate for many of the partiall y cha rged transfer systems; V

(2) I D EA~ EM is a very attractive formula. If I follow that logic and replace
TCNQ with tet rafluoro TCNQ and replace TTF with something with just a
slightly higher ionization energy, you would expect it to be as metallic as (TTF)

V (TCNQ). But this is not what is observed. Hence I think intramolecular correla-
tion is also important.

TORRANCE: (I)  The Wi gner lattice is appropriate in the extreme limit of strong
electron correlations and was used in the Madelung calculations of Silverman and
myself as an approximation in order to make .the calculations tractable. I believe
that similar results would be obtained if the correlations could be treated more
exactly. In addition , we believe that in (TTF)(TCNQ) and (NMP)(TCNQ) these V

correlations are sufficiently strong that there does exist a charge-density wave (like
the Wigner crystal) in the electron density along the stack. We interpret the ob-
served x-ray di ffuse scatter ing at 4k~ in these materials as caused by (and hence
evidence for) these charge-density waves. (2) Conclusions regarding tetrafluoro
TCNQ salts cannot be made until the Madelung energies of these salts are calcu-
lated (but the structures have not yet been determined). I would suggest that many
of the tetrafl uoro TCNQ salts are in sulat ing because the large electron affin ity

V makes p — 1. I strongly disagree with your belief that intramolecular correlations
are an impoetant d,fference between TCNQ and tetra fluoro TCNQ; in fact , experi-
mentally these correlations are almost identical in these two molecules.
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INTRODUCTION

Phonon anomalies leading to structural phase transitions have been investi-
gated extensively in the last ten years, fo llowing the soft mode approach initiall y
suggested by Anderson ’ and Cochran 2 for ferroe lectric instabilities.

Until recently, all k n ow n cases dealt wit h anoma lies ta kin g place at the
V Brill ou in zone center , somewhere on the zone boundary, or more generally at wave

vectors, which can be written as simple fractions of the reciprocal lattice vectors.
As a consequence, the u nit cell of the low-temperature stabilized phase was an
integer multiple of the high temperature one.

Paradoxicall y, the prediction by theory of phonon anomalies occurring in low -
dimensional metals at the wave vector 2k~ (which is not restricted to a simple frac-
tion of the reciprocal lattice vectors and therefore constitute a more general case) is
older.3 In this case, the low-temperature stabilized structure is not necessaril y
periodic: the condensed phonon can produce a modulation that is incommensurate V

with respect to the main lattice periodicity. Such features directly include the 2k F
wave vector , and experiments that are able to detect phonon anomalies will there-
fore provide uni que methods for the measurement of the conduction-band filling.

As in the case of the well-known soft modes of the usual phase transitions , the
incommensurate Kohn anomalies of the low-dimensional metals can be studied
most directly by neutron and x-ray scattering techni ques. Inelastic neutron - - 

V

scattering, which allows a detailed determination of the dispersion curves, is
clearl y the most powerful techni que, but it requires relatively large crystals and a
sufficiently high flux neutron beam reactor. In many cases, the simpler use of x-ray
scatteri n g is su ffi cien t , particularly if the measurements aim mainly at the deter-
mination olthe precise value of the 2k F wave vector. We shall use th is as a simp le
example of modulation. V

DIFFUSE SCATTERING FROM A ONE -D MO DULATED LATTICE

For low-frequency phonons the amplitude is proportional to l/w 2, a phonon
anomaly at the wave vector q~ (FIGURE I ) ,  and therefore corresponds to modes of
enhanced amplitude compared to all other thermal vibrations. In the first approxi-
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mation , one can therefo re neglect all but one mode of wave vector qo. Because
x-ray freq uencies are much higher than characteristic phonon frequencies , they V

will measure onl y a su perposition of the instantaneous configurations , and a fur-
ther simplificatio n is to replace the ti me dependence of our sing le mode by its mea n
squared amplitude ~~. Besides the temperature dependence of the amp litude , which
varies as the Boltzman population factor , our phonon anomal y is thus reduced to
the elementary case of a static modu latio n.

Elk )

H

I ..k
F ~~~~~ I Vr c

10) Id)

r\~ 
EI

,

~~~V

V —Y V

1 
~
‘F ~ FC

(b) I.)

(ci

FIGURE I . Schematic phonon anomalies. (a): ferrodistor tive precursors. Zone center soft V

mode; (b): antiferrodistor t ive precursors . Zone boundar y soft mode; (C): modulated lattices .
Arbitrary wave vector soft mode. Schematic modificatio n of the electronic bands in a
Peierls t ransi t ion . (d): the conduction band of the hig h- te mperature metal; (e): the open ing
of a gap at the wave vector k~ lowers the energy of the occupied states and raises the energy
of empty states; k~ becomes a zone boundary of a distorted lattice with a modulation period
of 2T/2k p .

Let us now consider a crystal with one atom per unit cell , lattice constants
a, b, and c, and dimensions N ,a x N 2b x N 3c. Along the c direction , the atoms are
displaced sinusoidaly from their average positions n3c with an amplitude i~ and a
wave vector q0. The phase between the different chains parallel to c is arbitrary.
The atoms of the distorted crystal are then located at vectors r1 given by:

— n I B + n 2b + n 3c + ~ exp i(± q0 .n 3c + ~ (n 1 n2)) (1)

V 
“ - where 4~(n ,n2) is the arbitra ry phase on the different chains.
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Bragg ~ ffr~ction

( a )
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FIGURE 2. The Ewald construction. (a): Diffraction is observed onl y for reciprocal
lattice nods located on the Ewald sphere .

Ghki — ha* + kb + Ic* = — kF.
(b): For a modulated lattice , the reciprocal satellite pla nes always intersect the sphere .
Scattering is observed for any orientation of the crystal.

if  Ki and K~ are, respectively, the wave vectors of the incoming and scattered
beam, the momentum transfer Q is given by

Q — K ,- — K ~ (2)

and the difference of phase between beams scattered by two ator~s distant of r1 is
simply ~~ — Q. r1. The resulting x-ray amp litude from our modulated crystal
is then:

J — E f e x p i Q . ( c ~a exp 4± q0n 3c + ~(n ,n2)] exp ‘Q(n I~~ + n2 b + n 3c).

(3)
For small-amplitude modulations , the first exponential factor can be cx- -

V 
panded. To first order , this yields the following terms:

V ~~~~~~ 
(i) A~ — f  exp lQ .(n~a + n2b + n3c).

‘b:. s ’ - , f l 1f l 2f l J  V

- V • V 
— V

~~~~ 1 
This is just the Bragg diffraction of the average unmodulated lattice . Using

V ~~~~~~~~~~~~~~~~ V V
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the reciprocal lattice constants a*, b*, and c* of this average lattice:

A 8 ~~~~ N 1 N2 N3 6(q — GhkI ) (4)

with

— ha* + kb* + lc*.

Equations 4 and 2 justify the well-known Ewald construction shown in FIGURE
2(a).

~(ii) AD i Q . A exp i(Q ~ ~ o ) .n 3 c)

(
~ 

exp 4Q . (n , a + n2Vb) + ~(n I n2)] ) (5)

which gives rise to an additional diffuse scattering.
V Because of the arbit rary phase ~(n 1 , n2) of the modulation on different chains ,

the summatio n on the amplitudes can be performed onl y on n3 and the total diffuse
scattering ‘D is j ust the sum of the intensities (squared moduli) scattered by in-
dependent chains.

= 1A 0 1 2  = f 2(Q’~~)N ,N2 :in2 
(N3~~~ ~~~~~~~

i’d
2 sin 2 (~~ 

± q0) ”~
— 

\ 2 / (6)

This expression contains two main factors:
V I ) The diffraction term D 2, which localizes the diffuse scattering with maximum
intensity for momentum transfers Q, given by:

(Qs ~ q0) .c — 2TR,. or Q5 — ± qo( 2,, integer). (7)

FIGURE 3. X-ray diff use scatter-
ing pattern from K 2Pt(CN)4Cl032
— H 20 obtained with MoK~ ra-
diation and a planar camera.
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This relation shows that Qs is indep endent of the coordinates in a* and b*
direc t ions , thus defining sheets in reci procal space perp endicular to the c direction V

of the l-D modula t ion , and located a t ±q0 from the reciprocal lattice perpendicu-
lar to e. FIGURE 2 (b) shows the corresponding Ewald construction.

2) The factor Fd
2 j2~~~. Q) 2, which determines the relative intensity of

each such sheet: the diffuse structure factor. Compared to the intensity of Bragg
diffraction , which is proportional to j 2, the diffuse scattering is much weaker.
Because phonon amp litudes are usuall y smaller than 1% of the lattice spacing
( I  I < 0.01 c ), t he diffuse intensity is less than l0~~ of the usuall y measured
Bragg peaks. This implies the use of x-ray monochromators and very relaxed
resolutions for the experimental setu p.

This simp le example is very close to the case of the platinum -chain Krogman
salts ,4 si nce in these compounds the scattering fro m platinum is predominant and
shadows the contributions of the other lighter atoms. I t can the refore accoun t
precisely for x-ray pattern as shown in FIGURE 3. which can be relat ively easi l y
obtai ned with the so called “Monochromatic Laue” or “fixed film fixed crystal”
techni que.4

STuDIEs OF I-D KROGMAN SALTS

The oldest k nown real crysta ls dispaly i ng su ch l -D instabil ities and mod ul ated
st ru ct u res a re i ndeed the platinum -chain Krogman salts. 5 These com pounds , for
which the 2k~ value is unambi guously known from the chemical composition,
have provided the idea l materi a l fo r a qu alitative exper imenta l check of the
ear li er theoretical predictio ns. In KCP (K 2 Pt(CN)4 Br0~~—xH 2 O), which has
been investigated in greatest deta i l by x-ray and neutron scattering, a sharp l-D
2k~ phonon anomaly, observed at room temperature ,4’6’7 gives rise at low tem-
perature to 3-D correlation of 2a x 2a x 3.33c periodicity.8”° Such correlations
correspond to the simplest coupling of the l-D charge density waves; waves on
neighboring chains are in opposition of phase. ”2

FIGuRE 3 shows a pattern from the chlorine analog of KCP (K 2 Pt(CN)4Cl 032 V

— x H 2 O) which displays l-D scattering at room temp erature for the wave vector

TABLE V

COMPOUNDS STUDIED BY X-RAY AND NEUTRON SCATTERING

Cyanides References
K 2 Pt(CN)4 Br0~~- xH 2O 4 V

K 2 Pt(CN)4 Cl032 - xH 2O 4
Na2 Pt(CN)4 Br023 — iH 2O 4
K~ 73 Pt(CN)4 — l.5 H 2O 13 , 14
Rb , 7 5 Pt(CN) 4 —  xH 2 O 14
CI I 75 P1(CN)4 — xH 2 O 14
lC(NH 2 ) 3l2 Pt(CN)4 Bro.~~— ,IH 2 O 14

Oxalates
K , 52( Pt(C204)31 — xH 2O 15
Mgo12I Pt(C204)21 — zH 20 16

V V .
~~~~~~~~~~
ij V V  V _ _ _  V~~~~~~V_ _ _ _ _ _ _ _ _ _
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FIGURE 4. X-ray diffuse scattering pattern fro m TscF-TCNQ at 30’K , showing well-
defined 2k F I-D satellite sheet scattering at the wave vector 0.3 15 b*. (From Ref. 26.)

= (0.32 ± 0.0l)c~ = 2k, and a development at low temperature of 3-D cor-
relations (periodicity 2a x 2a x 3.l2c) closely similar to the observations on
K CP.

In spite of the appealing advantage of such compounds, which have onl y one
kind of conducting chains, a detailed understanding of their properties is corn-
plicated by the intrinsic disorder due to their nonstochiometry. The incomplete
3-D ordering of the charge-density waves, clearly observed in KCP ,8 10 is usually
attributed to this disorder.

TABLE I gives a list of such compounds studied so far by x-ray and neutron
scattering. In all cases, the l-D diffuse scattering wave vector is in close agreement
with the 2k, value calculated from the chemical composition.

2K F INSTABILITIES IN ORGANIC l -D CONDUCTORS

Since the occurrence of 2k, instabilities is well established from the study of
the Krogman salts, further l-D conductors, for which the conduction band filling
was not precisely known , could be investigated , namely, the organic charge-
transfer salts. ’7 All studied compounds showed the expected l-D scattering, and
t he wave vector at which it was observed can be assigned to 2k,, wh ich allows a
direct determination of the charge transfer.

FIGURE 4 shows a pattern of TSeF-TCNQ where such 1-D scattering is par-
ticularly well contrasted , again due to the predominant scattering from the
heavier selenium atoms. The l-D scattering differs here from the continuous dif-
fuse satellite lines observed in FIGURE 3 because of the form factor of the four
selenium atoms contained in each TScF molecule.

TABLE 2 gives a list of the organic l-D conductors of this type which have been
studied up to date by x-ray and neutron scattering with the resulting charge trans-
fers .

V - ~~~~~~~~~~~~~~~~~~~~~~ V ~~ V* • 
~~~~~~~~~~~~~~~~~~ 
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TABLE 2
ORGANIC l-D CONDUCTORS STUDIED BY X- RAY AND NEUTRON SCATTERING

Compound Measured 2*, Charge Transfer References

TTF-TCNQ 2*, — 0.295 0.59 18 24
TScF-TCNQ 0.3 15 0.63 25,26
HMT ScF-TCNQ 0.37 0.74 25
HMTTF -TCNQ 0.36 ± 0.07 0.72 27

S
S I

FlouRs 5. Diffuse x-ray pattern of TTF-TCNQ in the undistorted high temperature phase
( T>  54 K) . The sample is oriented wi th b and c directions in the equatorial plane; the
angle between the inc ident x-ray beam and b is l24 . The rings observed around the m ci-
dent beam are powder parasites from the sample holder . Bragg spots with 0.5 b com-
ponents are due to the A/2 contamination from the continuous spectrum of the x-ray source,
which is also reflected by the monochromator . At 60K , the satellite-diffuse sheets are clearly
visible at the wave vectors 0.295 b identified as 2*,, and 0.59 b identified as 4*,.(After Ref . 19 .)

- - - . V _ _-  V V V _ _— -
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Most extensively studied is the prototype crystal TTF-TCNQ. Difficult x-ray
and neutron-scattering studies have revealed the existence of both 2k, and 4k,
precursors, as shown in FIGURE 5, I~~22 and have characterized at low temperature
a sequence of long-range ordered modulated structures with phase transitions at
54, 49, and 38°K.2 ’ 2 ~

FIGURE 6 summarizes schematically the positions of the well-defined , low-

1TT F -T
~~

0
PHASE 1 - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _

V a<T<5&K1 O.Sb’

000 .10,0 lAO

38<T<4aK 1~~~~~~~~~~~~~~~~~~~~
°

0,0,0 .3,~,0 1,0,0

I_
iV

~

’ 

1 1 .
000 .sO~o 1,0,0

FIGURE 6. Schematic representation of the position in reciprocal space of the satellite V

spots in the three low-temperature modulated phases of TTF-TCNQ. (a): 49’K < T <
54K (Phase I) ; modulation 2a x 3,46 x C; (b): 3 8 K  < T < 49K (Phase 11), modulation
x(1)a x 3,46 x C; (C): T < 3 8 K  (Phase I ll), modulation 4a x 3,46 x c.

temperature satellite reflections obtained from the different investigations.2~~
The respective assignment of 2k, and 4*, to the 1-D precursors has been made
here on the basis of the low-temperature , 3-D ordering of the charge-density
waves which is driven by the smallest wave vector anomaly. The greater com-
p lexity ot the features observed in TTF-TCNQ is believed to have its origin in the
existence of two types of conducting stacks ,~~ 3’ the respective contributions of

e
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which have not yet been clearly determined from the structural data , and require
further study. V

CoNcLusIoN

We have so far considered cases of l-D conductors in which satellite sheet l-D
scattering arising from dynamical or static modulations of the intermolecular
spacing in chain direction and caused by electron phonon coupling is clearl y ob-
served. In concluding, we would like to stress that there are sometimes other
particular features in l-D conductors from which the charge transfer can be de-
duced. The compound (ITT)2 1 3 ([Tetrathiotetracene] 2 13) is a priori believed to

_

FIGURE 7. Diffuse x-ray scattering pattern from (TTT)2 13 8 .  Note the very intens e I -D
sheet scattering, and the maximum intensity on the third-order sheet which demonstrates
the existence of 1 3 units. Contrary to the simp lified descri ption given in the text , the studied
samp le is not exactly stochiornetric. The spacing between iodine Units is incommensura le
with respect to the TTT framework. Two different repeat distances are further found for th~13 units: 1 .92 b5 and 1 .96 b (b — spacing of the TTT molecules), which is presently not
well understood. V

correspond to a charge t ransfer of 1.5 electrons per TTT molecule. This crystal , in
fact , reveals a new type of composite lattice . Although confined to channels of the V

TTT frame-work , the iodine chains behave as independent entities with a spacing V

(not a modulation period) in chain direction which is incommensurate with respect V

to the TTT stacking. The iodine chains further reveal the formation of 13 mole-
cules, very likel y imp ly ing 13 ions, as can be shown from the pattern of FIGURE 7.
From such results the charge transfer is inferred to be only 0.5 electrons. This,
however , is a particular case.

We are gratefu l to H.R. Zeller , who long ago provided K.2Pt(CN)4Cl032 — xH 2O)
sing le crystals, to I . F. Schegolev , who provided the (TTT)2 l 3 crystals, and to A. F.
Garito , who provided the TSeF-TCNQ samples and participated in their in-
vestigations. Detailed reports of the two latter studies will be published separately.
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INTRODUCTION

A variety of physica l methods lead to information directly or indirectly related
to the net charge on a molecule or molecular fragment. But there is often a con- V

ceptual difficulty in interrelating such measurements to each other , or indeed in
deducing a net charge from a property that is charge-dependent. For example,
experimental bond lengths depend on the relative population of bonding and
antibonding orbitals and are insensitive to the occupancy of orbitals that are

V nonbonding in the regions examined. Similarly, ESCA inner electron ionization
potentials depend on the electrostatic interaction between electrons and are there-
fore not a direct measurement of total charge. Measurements of electron spin
resonance or of the field dependence of the second moment of NMR lines give
the spin density which can be related to total charge only under certain assump-
tions regarding spin pairing.

The electronic charge will here be defined as the total number of electrons in
the volume associated with a molecule or molecular fragment. Once this volume
has been defined , this charge may be derived from experimental time-averaged
electron densities, which can be obtained from accurate diffraction data. We will 4

V review some aspects of this technique and compare pertinent results with those
from other methods.

METHODS OF SPACE PARTITIONING V

We are faced with the task of subdividing a continuous crystal-charge density
into distinct fragments over which integration can be performed. Such volumes of
integration may be defined as having sharp boundaries or , like electron orbitals,
may be allowed to interpenetrate . In the latter case the density in the overlapping
regions must be subdivided among adjacent fragments. A most rigorous method
of the first type for partitioning a tota l molecular density is the viria! partitioning V

of theoretica l densities developed by Bader ,’ in which the boundaries between the
fragments are surfaces of zero flux of the tlectron density. The resulting fragments V

individually satisfy the virial theorem. However , application of this partitioning
to experimenta l densities is not straightforward because of experimental nQise

V and because of uncertainties introduced by thermal smearing. But when the corn-
V 

- ;  ponents arc well separated (when there is little density in the intermediate region),
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the exact position of the boundary is less important. This is the case in molecular
crystals . Thus, if a net molecular charge in a mixed crystal is to be evaluated , the
defini t ion of molecular volume may be based on the relative size of the radii of
adjacent atoms in neighborin g molecules .

If a point is at i 4 and r, respec tively to atoms A and B, its assignment may be
- made according to the algorithm:
- ‘ 9 V

_ _ _ _ _ _  

r9 u 4~
R4 R,

where R4 and R5 are radii assigned to atoms A and B and uAB is a unit vector
V pointing from A to B (FIGURE I ).  The boundaries of a molecule defined in this

V 

FIGURE 1. Partitioning of space between ad- 

V

jacent atoms. For details see Equation I. A B

- _____________

RA

1
- R~~~+R

1 ~~~~~

way are planes, so that the subdivision is into polyhedral volumes. For convenience
of computation (I)  may be replaced by the closely similar expression:

(ii)
R4 R1

It should be emphasized that in this definition the position of the boundary
planes depends only on the relative size of the radii assigned to A and B and not
on their absolute value. Nevertheless, calculations with alternative sets of radii
are needed to ascertain that the results are not strongly dependent on the position

V of the boundary surfaces. In the case of a binary system (such as CaP2 or V3 Si)
- 

V V - the integrated charge may be plotted against the radius ratio and the point of the
V .

- - V - V -
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lowest slope selected as the ratio of best separation (see below). An example of this
polyhedral partitioning for CaF2 is given in FIGURE 2.

In the second type of volume partitioning, the choice of a boundary surface is
replaced by selection of each of the fragments’ density functions. The Mulliken
population analysis of theoretical densities may be considered an example , but
its results are dependent on the size of the theoretical basis set and not always
representative of the density distribution. Thus , Bats2 has shown that L1CN and
LINC, for which the three-dimensional density distributions are similar , appear 

V

very differe n t according to a Mulliken population anal ysis .
A more successful method of the second type has recentl y been proposed by

V CaF ~ 
V

Ca
to. o,oi ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

I ~~~~~~~~~~~~~~~~~~~~~

— 0.8 1,.. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ III~”1~~~~~I$IIllII II 1111 I I ‘ I~~ I
’ V I ~ 

V

step = 0237 A ~
‘
~
lll

~%V_l..V ~~~~~~~~~ 1111 I I V~~
V If•~ ~~~~~~~~~~~~ I I V I I  

V V I~~ I
~~~~~~~~~~~~~~~~ V 1  - I

(1/4.114,1/4) W.._ I ~IIII!IIf II:~I~ j .iVJ 
V

FIGURE 2. Volume partitioning for CaF2 . Radius ratio Rc1/R p = 0.8.

Hirsh feld ,3 in which the electron-partitioning in the intermediate region is relative
to the value of the free atom density functions at each point in the region. This
partitioning is unique for a rest density and leads to reasonable and consistent net
atomic charges, dipole and quadrupole moments. Although this method has been V

used for atomic partitioning , it has not been applied to subdivide intermolecular
space.

The partitioning of the second type, which we will discuss here, is based on the
assignment of flexible valence-density functions to each of the atoms, the shape
of which is varied to obtain the best fit with the total electronic charge density.4

V V
’ As the atomic cores are unaltered by molecule formation within the resolution of

~J V  ~~~

- ~~~~~~~ V -~~~ - V~~~ 4 V - _ _ _  
V -~~

-
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the x-ray diffraction experiment ,5 the atomic density is subdivided into a core and
a valence shell density, of which only the latter is varied. Its expansion and con- V

traction is described by a parameter K which relates the perturbed valence density
p~1~~~(r)  to the free atom ground state density pV5kfl~ (r) :

I I~~~ D 3
PvaIcncc~.r, = valcnve k Pvakncc’.~~

V Pvakn~~ represents the valence shell population , while the factor ~~ is req uired
V for normalization of the density function. Thus , the total electron density is given

by:

P,tom = P~,,,rep~,re(r) + Pvaien~~k
3pva,cn~~(Kr). (3)

The corresponding expression in reciprocal space is in terms of the atomic
scatterin g factors p, which are a function of the reciprocal space radial vector S of
length 2 sin 0/A:

f~tom(S ) Pc~,re f~,re(
~~

) + Pva knccfv akncc (S/K). (4) 
V

V There is extensive recent work in which (4) is generalized to incorporate angu-
V lar as well as radial deformation functions .~~ Such a formalism has the flexibility

to accoun t for detai ls of the electron distri bu tion but is less suited for an analysis
of atomic population , because the angular deformation functions must be quite
diffuse to fit the observed density. Atoms are therefore less well defined , and the
requirement of locality formulated by Kurki -Suonio ,9 whi ch states that on ly
electrons close to the nucleus can be assigned to that nucleus , is no longer obeyed.
Hence, we prefer the spherical expression (4) for the derivation of net atomic
charges . This expression can be applied conveniently in a least-squares analysis

V in which 
~~yakn~~ 

and ~ are varied in addition to the conventional structural param-
eters. A neutrality constraint may be included in this procedure to keep the total

V number of electrons equal to the sum of the nuclear charges. Some alternative
methods of constraint have been discussed elsewhere. ’0

EXPRESSIONS FOR CHARGE INTEGRATION

If the volume Thas been defined and the density function p(r) is known , a de-
rived property may be calculated according to the expression:

Q — fy(r)p(r) dr. (5)

This expression is quite general and may be used to evaluate expectation values V

based on the one-electron density distribution such as dipole and higher moments ,
or inner moments such as the electrostatic potential at r — 0. When Q represents
the charge, ‘y(r) — I within the volume of integration.

In the case p(r) is an experimental density it may be replaced by the Fourier
summation expression

p(r)  — -
~j  E F(H) exp (—27111 - r) (6)

IV i~~~. H 
~~V 

V

V V • - -~~
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V where V is the volume of the crystallographic uni t cell , and F(H) the ’structure fac-
tor at S H — (/t k ) .  For a volume Tcentered at r0 we obtain :

Q — . f  ~~ F(H)  exp [—2iiH - (r — r0)J exp (27tH - ro dr) V

3. ~ F(H) ,[ exp [ — 2 i I H . ( r  — r0)J dr exp (271H.r0). (7)

Thus , to calculate the total charge, every structure factor must be multiplied
by the shape transform of the volume of integration. In many cases, and
especially for a molecule’s volume, the integral cannot be evaluated analytically.
It is then opportune to subdivide the volume into units of regular shape, and sum
after integration over these subunits:

Q 
. E 1(H) .[J exp [ — 21iH(r — ri)]dr exP (271H.ri)}

- 
V 

. 1(H) ~~ [ q,(H) exp (2ir/H . r,)J, (8)

which may be rewritten as

Q • -
~~~~ ~~ F(H)S(H) (8*)

where S(H) is the shape transform of the volume of integration relative to the
origin of the unit cell.

The associated expression for the standard deviation in Q is

o’2(Q) — ~~ [E S2 (H)  ~2 fF(H)( + S(H)S(H ’) coy (F(H)F(H 1)~J .
V 

HøH’ (9)

The covariance between measured structure amplitudes is generally small , cx-
cept between symmetry-related reflections generated fro m the same measurement,

V for which it is e i t h e r + l o r — l .
The effect of the subunit size on the total volume of integration can be noticed V

in FIGURE 2. The boundary planes are replaced by stepped surfaces which are
smoother, the smaller the subunits.

DISCUSSION OP SELECTED RESULTS

Radia l Parameter ( i)  Refinements

The Kappa refinement has been applied to several molecular crystals con-
V tam ing first-row atoms. Generally, oxygen atoms are found to be negative in

molecules containing C, N , 0, and H, whereas hydrogen atoms are positively
charged . Nitrogen and carbon atoms are positive or negative, depending on their

II~~~V~~~
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L immediate environment. Thus, the nitrogen atom in the nitro and nitroxo groups 4of p-nitropyrid ine N-oxide which are bonded to oxygens are positive, while those ,
V V

in cyanuric acid and glycylglycine which are linked to carbon and hydrogen atoms
are negativel y charged. Similar observations result for carbon atoms which are
negative in an aliphatic environment but positive when bonded to nitrogen or V

oxygen.
Not surprisingly, these observations are in agreement with electronegativity

rules. The next question to be addressed concerns the possible relation between
the values of the radial parameter K and the net atomic charge q. To what extent
does additional charge lead to increased screening of the nucleus and therefore to

V 
an expansion (lower values of K) of the atomic valence shell? The results for a num-

t
NITROGEN

__  
V

q, NET CHARGE —.-
• • 0.90 I

-0.75 -0.50 ~OV25 +025 +050 +075

FIGURE 3. Net charge against expansion-contraction parameter K for nitrogen atoms in a
numbe r of structures: a ,b) glycylglycine, C) formamide , d) cyanuric acid , e) p-’iitropyridine
N-oxide, f) sulfamic acid , g) tetrasulfurtetranitride. All structures were measured at liquid
nitrogen temperature except p-nitro pyridine N-oxide , which was analyzed at 30’ K. The
values for d, e, and g are common to two or more nitro gen atoms ; two nitrogen-atoms in
glycy iglycine were treated separatel y . The sloping line is the fun ction imp lied in Slater ’s V

empirical rules for atomic orbitals.

her of nitrogen atoms reproduced in FIGURE 3, show a clear correlation between
the two parameters. The sloping line represents the screening as implied in Slater’s
rules for analytical atomic orbitals.U For nitrogen , the Slater orbital exponent in
the expression 

V

•(2s , 2p) — N 21,2, exp (— ~r)

(where N is a normalization factor) is 1.95 au ‘ and is decreased by 0. 175 au - ‘ for
each additional electron placed in the valence shell. The intersect of the line at
q — 0, is derived from the ratio of the Slater exponent for the bonded atom and
the orbital exponent for the free atom as given by Clementi and Raimondi ,’2
which is 1 .9 19 au ’ when averaged over the 2s and 2p electrons. The “Slater-line”

- 
V~~~~V f l _  ~~~~~~~~~~~~
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appears to represent the slope quite well. The agreement is somewhat worse for
carbon , for which the Slater line has a larger slope while the experimental results V

(not reproduced here) are similar to those for nitrogen atoms.

Charge Integration of V3 Si

V3Si is a superconductor of the Al 5 type for which accurate x-ray diffraction
V 

data have been collected by Staudenmann ’3 and Staudenmann et al. 2° Its structure
consists of perpendicular (and nonintersecting) chains of vanadium atoms which

H 
~~~~~~~~~~~~~~~~~~~~~~~~~~

1 0 V
~~~~~~~~~~~~~~~~~~~

2
19 ~~~~~

2;1 V

Q ~~IU~ II*IV •,t~~ III~n ~O& hC..,,t

00 V

IS 20
RV IR S,

FIGuRE 4. Valence electron population as a function of radius ratio for V 3 Si. The
broken and full lighter curves are calculated with ext ’nction parameters thr ee standard de- V

viatio ns from the least-squares values. (From Reference 20.)

surround each of the silicon atoms. Charge integration by use of expression (8) was
performed for a series of values of the radius ratiQ R ~/ R 51. Results are plotted in
FIGURE 4. At electron neutrality where the silicon would have four and the
vanadium five-valence electrons the curve has a steep slope, but horizontal sections
occur at a radius ratio of about 1.5. Thin indicates that at the corresponding
position of the boundary surfaces there is little density near the surface. The hori-

V 

V zonta l parts in the curve may therefore be described as occurring at the radius ratio
V 

4 of best separation of the components. The charge transfer in this part of the curve
V is about two electrons from each silicon to three vanadium atoms.

V V - ~~~ _ V~~VV V V V - - 
--
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TABLE I
RESULT S OF CHARGE INTEGRATION OF TTF-TCNQ

Van der Waals radii used Electron population
(A) (electrons)

S N C H ~TCNQ ~~TTF

1.85 1.50 1 .75 1.1 72.45 51.56
I .85 1.55 1.65 1.2 72.50 51.51

TTF-TCNQ

The charge integration of TTF/TCNQ at 1000 K was performed with two sets
of atomic radii. ’4 The results summarized in TABLE I indicate a charge transfer
averaging 0.48 electrons per molecule, with an estimated standard deviation of
0.15 electrons. We will discard an earlier discussion on the effect of scale-factor
bias, since no clear evidence exists for such bias in the TTF-TCNQ data set. The
earlier estimate of the standard deviations is approximate , but a similar result is

V obtained with the aid of expression (9).
The kappa refinement was subjected to a constraint that required chemically

TABLE 2
RADIAL PARAMETER REF: NEMEN T oN TTF-TCNQ

TTF lOO’K 45’K
C(l), C(2) 

V 

—0 .03(8) —0 . 12(7)
C(3) +0. 15(9) +0.10(9)
5(1), S(2) —0.05(8) +0.05(8)
H(I ), H(2)* +0.12(6) ÷0.l3(5)
Sum over Molecule +0.47( 15) +0.43(16)

Theoreticalt Theoreticalt
TCNQ TCNQ TCNQ TCNQ

C(4), C(5) +0.23(9) +0.22(9) —0. 15 —0. 16 +0. 14 , +0. l~ 
V

C(6) +0.03(14) .-0.02(l3) —0.06 +0.07
C(7) ÷0.04(16) +0.02( 1 5) ÷0.07 +0.10 —0. 10
C(8), C(9) +0.08(9) +0.15(9) —0 .06 —0.04 3
N( l), N( 2) —0.52(8) —0.64(7) —0. 15 —0.03 —0.35 , —0 .29
H(8), H(9) +0.05(6) +0.08(6) +0.10 +0.14
Cyanogroup —0.29(8) — 0 .42(8) —0 .30 —0. 19 —0 .l5

— 
Sum over Molecule —0 .47( 15) —0 .43(16) V V

Ni H s

H(9,
lnt. Tables Vol IV , scattering factor curves; hydrogen f  curves from Stewart , R. F., E. R.

Davidson & W . 1. Simpson. 1965. J. Chem. Phys. 42: 3175.
tiohanse n , H. 1975. m t .  .1. Quantum Chem. 9: 459.

Grohman W. D. & B. D. Silverman. 1976. Solid State Commun. 19: 3 19.
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equivalent atoms to have the same charge parameters, even though their crystal-
lographic environments differ.

Because it is a least squares rather than a Fourier method, the kappa refine-
ment does not require a full data set and it can therefore also be applied to the - - V

4 5 K  x-ray data set in which a number of reflections are absent because of equip-
ment failure at data-collection time. V

Resulting charges at both temperatures are summarized in TABLE 2. The total
charge in each of the molecules and its standard deviation are obtained by summa-
tion over the atomic charges taking into account, in the case of the standard devia-
tion , the covariances between atomic charges. The results are the same at both

V temperatures , the values of 0.47 ± 0.15 (lOO°K) and 0.43 ± 0.16 (45°K) being
equal , and also in good agreement with the charge transfer obtained with the direct
integration method. V

Net atomic charges are small and not significantl y different from zero except
on the cyanogroup, which shows a strong polarity in the expected direction and a
net charge of —0.29(8) and —0.42(8) at 100’ and 450 K , respectively. For com- V

V parison , gross Mulliken populations as derived by iohansen~ from ab inilio SCF
V 

calculations on the isolated TCNQ and TCNQ- ions are also listed. The agree-
ment for the cyanogroup atoms is rather poor , although total cyanogroup charges
are similar in theory and experiment. It may be noted that more approximate
CNDO/2 calculations by Grobman and Silverman ’6 (last column of TABLE 2) fit
the experimental results better, especially with regard to the polarity of the cyano- V

group.

ANALYSIS OF BOND LENGTHS

Even before the current interest in “segregated-stack” organic mixed crystals , a
number of structure analyses had shown a variation of the bond lengths with in-
creasing negative charge on the TCNQ molecule. ’7 The general trend corresponds
to a lengthening of the shorter quinoid bonds and a shortening of the remaining
bond lengths, which is in agreement with theoretical predictions. There are five

V chemically different bonds in TCNQ, of which C~~N is least well determined be.
cause of the larger thermal motion of the extremes of the molecule. Of the remain-
ing four, the two quinoid bonds (a and b, see TABLE 3 for definitions) increase,
while the other two (b and d)  decrease in length with increasing negative charge.
We have therefore chosen the ratio (a + c)/ (b + d)  as a gauge of charge transfer
at the four reduced temperatures at which x-ray dimensions are available. The use
of linear interpolation between the ratios for TCNQ° and Rb TCNQ gives values
of O.36(100 K), 0.2 1 (60 K), 0.45 (53’K), and 0.31 (45’K). Apa rt from the varia-
tion with temperature, which may not be statistically significant , the most striking
result is that the charge transfer appears smaller than values deduced with other
methods.

Interpolation between TCNQ° and Rb TCNQ, as done here, implicitly as-
sumes that in the latter salt a full electron has been transferred. If transfer in Rb
TCNQ would be incomplete (as suggested by some charge integration results on
Na salts such as NaSCN2 1), the charge transfer in TTF-TCNQ would be pro- 4

-

V
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portionally reduced. V
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For the bond-length analysis to be valid the data should be reasonably accu-
rate. Thus , the results on N-methylphenazinium -TCNQ which were based on
photogra ph ic data , ’~ are probably inadequate . For the complex with N,N,N ’,N ’
tetra methy l-p-p heny lenediamine [TMPD(TCNQ)2] ~ a transfer of 0.45e is ob-
tained , which confirms that the charge on TCNQ in this salt is intermediate be-
tween those in Rb TCNQ and TCNQ°.

COMPARISON WITH OTHER EXPERIMENTAL RESULTS

A number of recent results are summarized in TABLE 4. Considering the differ-
ent assumptions involved in the derivations of charge from experimental measure-
ment , agreement is reasonable. This is partly due to the considerable experimental
err ors associa ted with most resu lts . Nevertheless, it appears well established that

TABLE 4
V RECENT VALUES FOR CHARGE TRANSFER IN TTF -TCNQ

Techni que Charge Transfer (electrons) References
Charge Integration 0.47( 15) TABLE 2
Bond Lengths 0.31 V TABLE 3
ESCA 0.8 * 0.2 t
ESCA 0.56 — 0.67
Diffuse Scatt ering and 0.53 — 0.56 4

Satellite Reflections 0.59 ± 0.02

*Coppens , P. 1975 . Phys. Rev . Lctt. 35: 98.
tSwing lel l , R. S., R. B. Groff& B. M. Monroe. 1976. Phys. Rev . Lett . 35: 452.

~Grobman , W. D. & B. D. Silverman. 1976. Solid State Commun. 19:319.
§Denoyer , F., R. Comes, A. F. Garito & A. J. Heeger. 1975. Ph ys. Rev . Lett. 35: 445;

Kagoshima, S., H. Anza i , K. Kaj imura & T. Ishiguro . 1975. J. Phys. Soc., Japan 39: 1 143.
~Pouget , J . P., S. K. Khanna , F. Denoyer , R . Comes, A . F. Garito & A. J. Heeger. I976.

Phys . Rev. Lett. 37:437.

the charge transfer per formula unit is within the range of 0.40—0.65 electrons.
There is no evidence for a temperature dependence of the charge transfer in the
information surveyed here. V
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DISCUSSION

ROBERT METZGER : A different histogram was devised for the correlation be-
tween bond length and charge transfer by S. C. Ny burg and J. A. Potworowski
(U. of Toronto , Toronto , Canada). Instead of adding two or looking at only one
bond distance at a time they compared the p-quinodimetha ne “molecular lengths” V

for TCNQ salts. Their histogram yields 0.50 ± 0.05 for the charge transfer in V

(TTF)-(TCNQ).
V COPPENS: I believe that the most sensitive measure is the ratio of the lengthened

bond to tha t of the shortened bon d . ( Note added in proof: For an exten sive su rvey
of cha rges derived from bon d len gt hs, see FLAN DRO I S , S. & D. CHASS F. AU. l977 . V

Acta Cryst 033: 2744.)
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In a previous paper ’ we discussed the electronic structure of TCNQ complexes
from the assignment of the electronic spectra of these single crystals. The spectra
were measured by a transmission technique with very thin crystals, and it was diffi-
cult to estimate accurately the absolute intensity of each band. In this paper we will
present the reflection spectra of several metallic TCNQ complexes and discuss the
electronic structures and charge distributions of the TCNQ and cation columns.

One of the conclusions in the previous paper is a classification of TCNQ corn-
plexes into three types: dimeric, alternant , and island (FIGuRE 1). Although we
believe that such terminology may be useful, too much simplication must be
avoided , and we will present our view on the electronic structure of TTF(TCNQ) V

in this paper.

I

EXPERIMENTAL

V The single crystals of TTF(TCNQ), Q(TCNQ), NM P(TCNQ)( I) (tric linic),
and NMP(TCNQ)( II) (monoclinic) were grown from a purified acetonitrile solu-
tion in a vacuum-sealed tube. The crystalline axes and faces were confirmed by
x-ray photographs. The reflectivities of these crystals were measured at room
temperature in the range of 3700 cm~~ — 30000 cm~ with a polarized light passed

V 
throug h a MgF2 polarizer. A Carl-Zeiss double monochromator was used with a
PbS detector and a HTV 446 photomultiplier tube. A specially designed micro-
scope with a Carl-Zeiss ultrafluar lens and a rotatable crystal mount were used to

Manuscript received June 6, 1977.
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Ratios of 1
Donors Donor to Electron Configuration. ~~~~~ Of

4Acceptor fl Za Ct OI%I V

Rb ,K ,L~~ Mor 1:1 .... / /(J/)/ / .... Disier Type j
NMP 1:1 _ _ _ _ _

_ _ _ _ _  - - ... / /U// / ... Alterna nt Type
Q, Ac,TNP D 1:2

Cs,Mor ~~3 / /(/ /~~/)//-... 
-

Island Type
TZA,MTPP 2 z 4

FIGURE I . Electronic configurations of TCNQ complexes and types of interactions.

concentrate the light beam onto the crystalline surface , and a reflectivity was ob-
tained by comparison with a standard of SIC crystal.

The crystals of Q(TCNQ) were needles with a flat (100) surface, and the reflec-
tivity was measured along the b- and c-axes. The result is shown in FIGURE 2.
The crystals of TTF(TCNQ) were thin plate or tabular developing (001) and (100)
faces. The reflectivity below 3700 cm~~ shown in FIGURE 3 is taken from the data
of Tanner ci a!.2 and joined with our data above 3700 cm~~. The crystals of

20~ 
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FIGURE 3. Reflection spectra of TTF(TCNQ). The data below 3700 cm is from Tanner
C: a!.2
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Faouu 4. Reflection spectra of NMP(TCNQ)(I).
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NMP(TCNQ)(I) developed (001) and (100) planes , and the spectra were taken
along the a- , b-, and c- axes. The reflection spectra is shown in FIGURE 4 and the
values below 3700 cm~~ were extrapolated to zero because the reflectivity fell
down graduall y. The crystals of NMP(TCNQ)(H) showed (lOO) and (010) planes
and the spectra were recorded along the a- , b-, and c- axes, as shown in FIGURE 5.
The molar absorption coefficient was calculated by Kramers-Kroni g transforma-
tion , and the results are shown in FIGURES 6—9. The spectra of TTF(TCNQ) is in
good agreement with the earlier results of Tanner et a!.2 for the a- and b-axes.

CHA R GE-TRANSFER BANDS BETWEEN TCNQ MOLECULES

The intermolecular charge-transfer (or charge-resonance ) bands between
TCNQ molecules are classified into two types, CT,, and CT2, based on the

E/id ’ ~~

4 .  ,/ V

I
/ c axis

waNE ~~~~(c~(~/io3 V

FIGURE 7. Molar absorption coefficients obtained from Kramers-Kronig transform of the V

reflectivity o(TTF(TCNQ).

a mechanism of the transition; the CT, band is considered as a charge . transfer 
V

between two (TCNQ) ion , whereas the CT2 band is that between a neutral TCNQ
and a (TCNQ)~ ion. Owing to the large Coulomb interaction between the elec-
trons, the CT, configuration is estimated to have the energy of U (— 1.5 eV), and

V the lowest excited state of (TCNQ) ion is located at the same energy region
of 1.5 eV (LE ,). The configuration interaction between the CT, and LE , levels

V results in the splitting of the energy levels, and the direction of the transition
V 

V 
V~ V .~~ moments is modified from a pur e CT and a geniune LE transition. The coupled

- V - -.
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FIGURE 8. Molar absorption coefficients obtained from Kramers-Kronig transform of the
reflectivity of NMP(TCNQ)(l).
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transitions are observed , one at the lower energy and another at the higher energy
region with different polarization character. We called the lower energy transition V

the CT , band and the hi gher one the LE , band simply because the transition
moment of the lower one is directed along the stacking axis of the molecules.
The directio n of the t ran sition moment of the LE , band may deviate fro m the
molecular long axis by this coupling.

For the island type of crystals, both types of CT transitions , the CT , and
CT2, are observed; the CT2 ba n d appears at the lowest energy region and the CT 1
state couples with the LE 1 state . The splitting occuçs in a similar way, and we
called the lower energy transition to the (CT 1 + LE 1) coupled state simpl y the
CT, band, and the higher energy one to the (CT, — LE ,) coupled state, similarly,
the LE , band , in the previous paper. Actually these bands have a mixed character,
and the direction of the transition moment is given by a vector addition and sub-
traction of the two trans itions , CT 1 and LE , .

For the alternati ng ty pe of crystals the CT, state is not conceivable , and the
coupling between the CT2 and LE , state may be not significant; therefore , the 

V

LE 1 state will rem ai n at the same energy region as for the solution spectra
(12000 cm ~ ). This is the reason why Q-, TTF - , NMP- , and Ad-(TCNQ) all exhibit V

V 

absorption bands at 12000 cm
Torrance 3 claimed that all transitions appearing at 12000 cm -‘ region should

be the CT 1 ba nd (his B band); however , the mecha n ism of the electroni c transitio n
is different with each crystalline type. We therefore believe that the 12000 cm~~
band in the alternating type of crystal must be assigned to the LE 1 band.

The crystalline spectra have been shown to be useful in the analysis of the
electronic structure of these TCNQ complexes. For instance the degree of an
electron transfer in D~~(TCNQ~~/~)~ may be guessed from the pattern of the
CT2, CI I ,  and LE , ba nds appearing in the crystalline spectra. That is if ö = I and
n — l , the coupled CT, and LE , states will be observed at 10000 cm~~ and 14000
cm~ as in the cases of K (TCNQ)4’5 and Rb(TCNQ). ’ When ö = I and is — 2, a

V typical alternating type of spectra will be observed: the CT2 band at 3000-6000
cm 1 region and LE , band at l2000 cm ’. The TTF(TCNQ) :ase is considered an
admixture of the alternating and island type , because ö is estimated as 0.59 and V

n I . In this crystal both cha ract eristi cs of the alternating and island confi gura-
tions are recognized.

INTEN SITIES OF THE CT2 BANDS

The intensity of the CT2 ba nd is a good measur e of the con tr ibutio n of a 
V

charge-transfer configuration to the ground state. For the alternating type of
crystals the mixing between the CT2 and LE 1 levels can be neglected, and we sup- V

pose that the transition moment arises from the ionic contribution of the charge-
transfer state (the mixing of the island electron confi guration). V

Then the transition moment may be given by

and
4’O — a # A + b#I
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V where the charge-transfer state is written as #1 (island-type electron confi guration) V

and the ground state is given by #A (alternating type structure). Here 
~
‘, represents

the state where the cation charges are still fixed and only an electron is transferred
from one site to a neighbour site.

Then

— abR

where R is the distance between the centers of two TCNQ molecules. The experi-
mental oscillator strengths are estimated from the crystalline spectra by a form ula
that f  4.32 x l0~~J E d .7. A theoretical value of the oscillator strength for the

- ‘  one-dimensional oscillator is given by

f —  3 x 1 .085 x l0~~ x i~j 2 (cos~~)2

where cos $ is the ang le between the t ransition momen t and the crystalline ax is.
The transition moment will be large when the charge-transfer confi guration mixes
with the alternant ground configuration; an equal mixing of both state (a — b —

/ ////// /// / / / / // / / /~
TCNQ COLUMN

/,,/,/, ,‘/, /,,/,/ ,‘,1/,

T T F  COLUMN 
V

FIGURE tO. Electronic structure of TTF’~ (TCNQ)~ (6 — 0.59).

l/v’~) gives a maximum value. The observed f  values clearly show that the
T1’F(TCNQ) involves the charge-transfer configuration to the largest extent in the
ground state.

For TTF(TCNQ) crystal the estimated transition moment from the observed
spectra is 1.75 A, which is nearly a maximum value of this type of transition. Here
we took the direction of the transition moment along the b-axis. By using this

V number the ground-state wave function is estimated as 0.84 #A + 0.54 #,. More-
over, by this mixing there will be produced vacant sites where more electrons may
flow in , and nearly equal mixing of the alternating and island configuration will
be produced (FIGURE 10). This configuration corresponds to electron transfer of
o — 0.59.

For Q(TCNQ) and NMP (TCNQ)(I) the estimated wave functions are

0.98 ~‘A + 0.21 ~~ ‘, (Q(TCNQ))

V 0.98 #A + 0. 18 ~~ ‘, (NMP(TCNQ)). 
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LE 2 BANDS OF TCNQ MOLECULE AND TCNQ ION

In this section we advance a discussion of the spectral consideration of the
electronic structure with the shorter wavelength LE2 band. The absorption spectra
of TCNQ molecule and TCNQ ion in solution show strong bands at 25000 cm ’
region ; ~(TCNQ)~~ ,~~,_ 1 64400 (1  — 0.76) and ~~~~~~~~~~~~~ — 24000
(f — 0.48). The latter band is the transition to the second locall y excited state of
(TCNQ) -, which is polarized along the long axis , and we call it LE 2 band. By using
the same notation we cal l the band at the same position for the neutral TCNQ
molecule the LE band , which is also polarized along the long axis. The peak in-
tensity and the oscillator strength are apparently much larger for the neutral
TCNQ molecule than for the TCNQ - ion; therefore, the crystalline absorption
spectra in this region may be utilized in estimating the degree of an electron
transfer.

Q(TCNQ)2 V

V The crystal of Q(quinolinium)(TCNQ) is typ ical of an alternant type. The pro-
jection of molecules onto the (100) plane showed that the long axis of TCNQ is
nearly parallel to the b-axis, and it makes 32.9 with the (010) plane. It is quite V

reason ab le that the crysta ll ine absorp ti on band appears m ainl y along the b-axis;
the 4500 cm t band is the CT2 ba nd, the 12000 cm 1 band is the LE , ba n d,
and the 27500 cm~~ band is assigned to the superposed TCNQ LE and TCNQ
LE2 bands. The intensity of the 27500 cm~~ band was measured as f  — 1.01 by
using the previously mentioned formula. The calculated value under an assump- 

V

tion of equal mixing of TCNQ and TCNQ- for the b-axis is given by
t ( \~ 5 7 1 ’~2

/  — 
~‘~1TCNQ + JTCNQJLCOS .1 /

— 1.10.
V The contribution of the quino linium ion will not be significant , si nce its solu tion 

V

V spectra exhibit a band centering at 32000 cm ’ with 
~ msx — 4700. The band ap-

pearing at 30000 cm~~ along the c-axis may be assigned to the quinolin ium long-
axis polarized transition. Thus the assumptio~ of the charge distribution of
Q(TCNQ)2 crystal as an alternant type is confirmed by the intensity measurement
in the 25000 cm -, region.

TTF(TCNQ)

From analysis of the previous section, the ground-state configuration of this V

crystal involves a large amount of the CT conf iguration , and we take the electronic
structure as TTF+O.SSTCNQ ..~O.~9. The absorption intentisy in the 25000 cm~~region due to TCNQ species may be estimated by this model as

f  — 3 x (O.4I1TCNQ + OS9
~’TCNQ _

~~~05 $)2

where $ is the angle between the transition moment and the crystalline axis. The

~~~~~- - -  ~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~ _ V
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calculated value is 0.59 for the b-axis and 1.20 for the c-axis, and these val ues
may be compared with the observed value of 0.85 for the b-axis and 1.12 for the
c-axis. However, the TTF~ ion also absorbs in this region , and actually, we have
separated the 23000 cm ’ band along the b-axis as due to TTF~ ion, and the
above-mentioned agreement must be further investigated after determining the
absorption intensities of TTF cation in the crystalline state. 

-
In the region around 17000 cm 1, a strong band is observed along the c-axis,

and it may be due to the coupled (LE , — CT,) state of the island-type of electron
configuration of the TCNQ column. The transition moments are deviated from the
pure LE , or CT, bands because of the coupling of these levels. The TTF~ ion

0 b
0

FIGURE II .  Projection of NMP(TCNQ)(1) crystal onto the crystalline plane after
Fritchic.6

may also absorb in this region; however , its intensities are ~tiIl not accurately
determined and further analysis cannot proceed.

NMP(TCNQ)(I) (TRIcUNIc FORM)

T~~ ayssalSMe structure of this form was determined by Fritchie,’ and the
4 ~ s olsculcs is shown in FIGURE 11. Electronic spectra of crystals

4 uWP.U T ~Q~ ~~~, sot simple becausc the absorption spectra of (NMP)~
-
_

—
~ sei. s€~ ssed. Rutkr ,i aJ.~ proposed a partial charge transfer
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in this crystal that 6 — 0.96 and is — 1. However , a recent x-ray study by
Morosin 8 indicated that the NMP cat ion in the monoclinic crystal (form (II ))
has a structure of (NMPH f) .  of 15 T electron system. By comparing the spectra

H

of the triclinic and monoclinic forms of NMP(TCNQ), we fi nd severa l absorption
bands common to both crystals which do not belong to the TCNQ and TCNQ
species. It imp lies the presence of (NMP)t in both - -crystals, whose absorption
bands appears at 10000—11000 cm 1 along the short axis, 17000—18000 cm ’
along the long axis, and 24000—28000 cm~~ along the short axis of the molecule.
The spectrum of (NMP) 4 ion in ethanol solution exhibits a band at 26000 cm~~

V with ~ — 15400, and its polarization is supposed to be short-axis. The comparison
of the crystalline absorption intensity with the calculated value is made with the
c-axis, since the short-axis polarized band may not be involved. The calculated V

value for the alternant configuration is given by

I — 3 x 
~(f i~cr~ + ITCNQ_)(cos 33.)2 — 1.31.

The observed f  value along the c-axis is 1 .68. The agreement between the calcu-
lated and the observed value is not so bad because NMP~ and NMP t may absorb
strongly in this region. Therefore, this result may indica te 6 ~ 0.5, an d we have
not found any indication of nearly full ionic structure. A presence of (NMP)t in
this crystal is also indicated by the 18000 cm I long-axis polarized band along
the c-axis. Further investigation , particularly on (NMP) t spectra, wil l be neces-
sary to clarify these ambiguities. V

NMP(TCNQ)( II) (M0N0cLINIc FORM)

The crystalline structure of this form was recently analyzed by Morosin t and
the structure was corrected by his informal information. The N-methylphenazyl
cation was actually a protonated form , having 15 r electron in the ring. The pro-
jection of molecules on to the crysta l line face is show n in FIGURE 12. V

We must consider the absorption spectra of this crystal by this revised form.
The CT band between (TCNQ)- and (NMPH)t is expected to appear strongly

along the stacking c-axis. Actuall y, a band whose polarization is solely along the
c-axis is found at the 20000—22000 cm 1 region; hence we tentatively assign this
band as the CT band (a kind of back CT band). Another characteristic of this
crystal is that the short molecular axes of both (TCNQ)~ and (NMPH)t are
oriented along the b-axis. Therefore , the short-axis polarized band of (NMPH)t
should appea r strongly along the b-axis, and the 10000 cm 1 band (1  — 0.12)
and 25000 cm~~ band ( f  — 0.95) should be assigned to this species.

- .
. 
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FIGURE 12. Projection of
NMP(TCNQ)(II) crystal onto the ‘a
crystalline plane after Morosin.8

I i

V 
. 4

V _ _ _

(5)

The absorption due to TCNQ- ion should appear both along the a- and c-axes. V

The band at 12000 cm~~ along the a-axis is the LE , band and the band at
28000 cm~~ ( f  — 0.39, f ~, — 0.23) is the LE2 band of TCNQ . The dichroic
intensity ratio is in agreement with the value calculated from the oriented gas
model, but the f  value estimated from the solution spectra is twice that of the
observed values. Along the a- and c-axes the long-axis polarized (NMPH)~
band is expected, and the band at 16500 cm 1 ( f ~ — 0.18, J ~, — 0.12) is assigned
to this origin.

The present crystal provides usefu l information on the spectra of (NMPH)t
as well as its complex with TCNQ .
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SOLID-STATE REACTIONS IN ORGANIC CONDUCTORS a

AND THEIR TECHNOLOGICAL APPLICATIONS*

Susumu Yoshimura and M utsuaki Murakami
Ma tsushita Research Institute Tokyo. Inc.

Ikuta, Tama-ku, Kawasaki2!4 , Japan

INTRODUCTION

Recent extensive investigations on conducting organic solids have developed
a new branch of solid-state chemistry, ”2 opening up the possibility of designing
and synthesizing unique properties of both fundamental and technological interest. 

V

Research on organic semiconductors peaked around 1960 and was partly motivated
by an anticipation of realizing organic counterparts of typical semiconductor de-
vices, as reviewed by Hermann 3 and Gutmann and Lyons.4 But an “organic
transistor” has not been made so far , and the organic conductors are still in the
early stages of development. While the unstable nature of organic materials has
hampered their practical use in most cases, it may have been a misunderstanding2

to expect them to function as mere substitutes for inorganic semiconductors. How-
ever, in line with recent progress in the understanding of the physical properties of
organic solids, there have been several approaches to making organic solids tech-
nologically fascinating, directed toward the properties peculiar to organic ma-
terials; for instance, a high efficiency of charge transfer between molecules, sur-
face catalytic or electrochemical activities , sensitivity to various stimuli , or 

V

low dimensionality. V

In this paper we present some topics on the technological application of or- V

V ganic conductors based on solid-state reactions and discuss the scope of future ad-
vances in this field. This paper is divided into two parts. The next section reviews
various speculations and actual examples of the use of organic conductors. There V

we go into details of the development of a new type of solid electrolytic ca’-
pacitor~ having an organic conductor counterelectrode of 7,7,8,8-tetracyano- - V

quinodimethane (TCNQ) ion radical salts.’ The potential effects of the solid-state
electrochemica l properties and the metallic nature of the TCNQ salts on the capaci-
tor performance are described. The section CONTROL OF PHASE TRANSITIONS BY
SOLID-STATE CHEMICAL METHODS introduces a new family of TCNQ salts based
on substituted pyrid inium 1 and thiazolium cations, which underwent characteristic
phase transitions with sharp conductivity changes above room temperature. We
revealed a possibility of modifying and designing the phase transition , and the
result is thought to be helpful for providing potentially useful organic conductors. V

TECHNOLOGICAL APPLICATIONS OF ORGA NIC CONDUCTORS

First of all , it should be noticed that the discovery of unique materials or
properties has always been followed by a proposal of practical use. For example,

‘

V. 
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the discovery of the highly conducting TCNQ ion-radical salts ”8 immediately led
to patents disclosing electrochemical devices, a solid primary cell,9 and a solid
electrolyti c capacitor .’° Tetrathiafu lvalene (TTF) TCNQ appeared on the scene
carrying a proposal of a thermoelectric device in its hand. ” The former devices are
now identif y in g their own area of use in somewhat modified ways,5”2 and the

- latter will turn out to be a good conception, because in a one-dimensional system
there is a possi bil i ty that the Wiedern an n-Franz law ’3 does not hold and a large
figure of merit for the thermoelectric conversion is obtained.

Junction Devices

A simple analogy of inorganic semiconductor devices may be an organic p- n
junction .4 Although the low mobility of the organ ic conductors li mits their use at
high frequencies , the j un ction devices still have a great significance in view of their
useful electronic circuit applicatio ns; signal detection , amplification , memory,
energy conversion , and so on. Vario us proposals have been made on both the
preparation ofjunctions ’4” and their uses,”1~’8 and the modification of the con-

V duction mechanisms by doping ”9 2’ remains a major complex problem yet to be
solved . It appea rs, however, that our understanding of the electronic behavior of
organic conductors has not reached the stage where we can modify their electronic
properties physically and construct a well-defined junction between dissimilar
systems.

Recently Aviram and Patner 22 and Aviram et a!.23 have presen ted one possi-
bility for realizing a molecular rectifier based on a simple concept of a charge-
transfer complex. The device consists of a donor i~ system and an acceptor ~ sys-

V tern separated by a sigma-bonded tunneling bridge and may be constructed as a
two-dimensional array, using a monolayer technique.24 Another suggestion is th at
of a junction between polymorphic modifications of phthalocyanine.25 These ex-
amples seem to introduce a sophisticated approach in providing an organic jun c-
tion , depending upon a simple kn owledge avai lable at present .

E!ectrochemical Cel!s

Organic charge-transfer complexes are active electrochem ically, and various
solid-state electrochemical devices have been proposed: primary cells,9 electrolytic
capacitors,’° and ion-selective electrodes.26’27 

V

Electrochemical cells can be constructed with organic conductors like TCNQ
salts or iodine complexes, acti ng as either an electrolyte 28 or cathode,26’29 and the
iodine complexes have shown reasonable promise of development of a solid cell.
An original prototype devised by Gutmann ci a!. ,28,30 with Ba, Ca or Mg as an
anode metal and halogen complexes as an electrolyte, offered an attractive pos-
sibility of a high-power density battery . Schneider ci al. ‘~~~‘ have developed a
lithium-lithium iodide cell that can be used for a pace-maker power source or in

V electronic watches.’2~
32 In this cell , the cathode comprises a poly(viny lpyridine)- 12

V complex , wh ich at the same t ime serves as an iodin e source of a cell reaction :
2Li + 12 —‘ 2LiI , the reaction product functioning as a solid electrolyte in situ.

- -
V 
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The energy density of the cell is reported to be 120 Wh/kg, which is considerably
higher than that of a Mg-12-complex cell, 22 Wh/kg, or a lead acid cell, 30 Wh/kg. V

Very recently Kondo ci al.33 have synthesized quaternary donor polyiodide com-
plexes typically formulated as

[

~~~~~~~~

c_ ]

The iodine molecules are very strongly bound in this complex, resulting in a low
vapor pressure in contrast to the case of a weak charge-transfer complex, which
may possibly lead to a further improvement of the lithium-lithium iodide cell.

Solid E!ectro!ytfc Capacitors

The replacement of Mn02 in solid electrolytic capacitors~’ with organic con-
ductors is an old concept for improving both the capacitor performance and
manufacturing processes.’0 Several newly developed materials have been examined
as candidates for the solid electrolyte; for example , nitrogen-containing polymer-
TCNQ system 35’36 or ionene polymer-TCNQ.37 38 The major problems that

V hampered the realization of such a capacitor were I) the lack of a technique th at
would give a uniform and adherent film of the organic conductor suitable for
capacitor application , and 2) the lack of detailed information of the electrochemi-
cal properties of the TCNQ salts. We have developed, on a laboratory scale, a - V

solid-al uminum electrolytic capacitor having an electrolyte layer of a TCNQ salt ,
such as quinolinium(TCNQ)2, Q(TCNQ)2, for example,5 FIGURE 1. A thin
electrolyte film was deposited from a solution of the TCNQ salt and pol; mer,
where the polymer was suitably chosen to retard the crystal growth and effect the V

V adsorption of the crystals during the film formation.5 
V~

Solid-S late Anodic Oxidation.39 The solid electrolyte layer (FIGURE 1) is a 
V

substantial cathode or counterelectrode of the capacitor, and it should also func-
V tion as a protective layer for the very thin anodic oxide . The self-healing action

of the conventional solid electrolytic capacitor has been understood on the basis of
either a thermal transformation of the counterelectrode4° or a solid-state anodic

V oxidation of the valve metal4 ’ (FIGuRE 1).
V In order to obtain an insight ipto the electrochemical properties of the organic

conductors, we studied the electr ical properties of an electrode system consisting V

of a fresh aluminum bar (0.5 mm in diameter) in contact with a pressed pellet of
various TCNQ salts. FIGURE 2 shows the current-voltage (I-V) characteristics for

V Q(TCNQ) 2 , N-n-propy lquinolinium(TCNQ)2 ((NPQ)(TCNQ)2), N-methyl-
acridinium(TCNQ)2 ((NMA)(TCNQ)2), and Mn02 systems measured at a rela-
tive humidity of 50~/~ RH , using a constant-rate-of-voltage increase (CRVI)
method.42 For the anodic polarization , all the electrode systems exhibited a well-
known passivation curve with a current peak at voltages, ~~~ between 2.5 and

— -- - -- -- — -V .- -.. ---?-.-_•’ _ __ _ - - - ~~~~rJ 
V — —‘--- - ---
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Anodic oxide dielectric —--~~~~~~~

Solid electrolyte
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V 
c~~ Organ ic semiconductor

V 
Counterelect rode

Colloida l graphite — _______

t Ag—paste —~~~~~~~

FIGURE I . Construction of solid electrolytic capacitor .
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4.5 V, and the current fell to as low as iO-~ amps in cases at higher voltages. The
major difference in the 1-V curves between the organic conductor and Mn02 sys-
tems was that the former has very smooth curves without any discontinuous jumps
in current and the degree of the passivation was m uch higher. Below 20% RH and/
or when a noble metal electrode was used, the current diverged to infinity at about
8 V, while for the valve metal system the minimal current density at voltages V

higher than about 2 V,,’ markedly decreased with increasing humidity. The
passivation at about V = ~~~ was essentially not altered by the relative humidity
or by the use of the nobe metal electrode. These results suggest that both thermal

100 
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V

FIGURE 3. Equivalent series capacitance and resistance of an Al/Q(TCNQ)2 system as a
function of applied voltage . I. Anodic polarization at about 70% RH; 2. Anodic polariza-
tion in dry oxygen; 3. Cathodic polarization in the room air.

and electrochemical reactions are involved in the anodic passivation , the former
being replaced by the latter at a voltage of about 2 V,’ in the presence of water .

FIGURE 3 shows the equivalent series capacitance (C,) and resistance (R,) of V

the Al /Q(TCNQ)2 system as a function of applied voltage. The measurements
were made at I kHz after the current reached a steady state for a sequential ap-
plication of voltage. For the anodic polarization in humid air (about 70~/~ RH) ,
C, decreased and R, increased strongly with increasing voltage. The inverse of C,
obeyed a linear dependence on voltage at voltages in excess of about 6 V, the
voltage roughly corresponding to that at which the I-V curve reached a steady

- V~~V state (V — V,4). This result strongly indicates the formation of the anodic oxide
V ~~~~~~~~~~~ - -
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FIGURE 4. Capacitance change and dissipation factor as a function of temperature . V

on Al , and a measured capacitance-voltage product , C V  — 0.44 pF V/cm 2, corn-
pares fairly well with the theoretical value, CV — 6.45 MF V/cm 2, obtained from V

the anodization of Al in liquid electrolytes.43 It was also made evident that the
initial passivation was caused by a thermal transformation in organic conductors
that proceeded at temperatures between 80 and 150°C, resulting in a non-
stoichiometric composition with excess neutral TCNQ molecules. The trans-
formed layer presumably acts as an electrolyte in situ to facilitate ionic conduc-
tion and electrolytic rectification.

• - The current efficiency of the anodic oxidation was obtained with use of the
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CRVI results.42 The results at 50% RH were: 0.053% for Q(TCNQ)2 , 0.62% for
(NPQ)(TCNQ)2, and 0.10% for (NMA)(TCNQ)2 , which are considerably higher V

than published data on a Ta/Mn02 system (0.0l—0 .O0l%).~’ At higher relat ive
humidities , the effi ciency was still higher: for example , 2.1% and 1.5% for

V Q(TCNQ)2 and (NMA)(TCNQ)2, respectively, at 98% RH. Not all the TCNQ
V - salts were good anodizing electrolytes; for example, the simple salts with metallic

V cations, with the single exception of Cu(TCNQ)2,” did not exhibit the anodizing
ability . N-methylphenazinium (NMP)TCNQ, which is known to exhibit a partial
charge transfer between NMP and TCNQ,45 had an anodization effi ciency of
0.2% at 50% RH , which is comparable to that of complex salts . We conclude that

V the existence of the neutral TCNQ molecu les both in the starti ng and the trans-
formed salt is essential for the anodic oxidation , and the TCNQ may behave like
a catalyst in electron transfer processes in a cell reaction: 2A I + 3H 20
Al 203 + 6H~ + 6e. 

V

Capacitor Characteristics. Much improvement was realized in capacitor char-
acteristics by the use of the organic-conductor solid electrolyte: the low leakage
cur ren t , the extended ratio of breakdown-to-formation voltage, and stable fre- V

• quency characteristics.~ The temperature dependence of the capacitance and dis-
V sipation factor is shown in FIGURE 4, where the data for the convent ional solid Ta

and Al electrolytic capacitors are also included. One of the striking differences
V 

from the conventional capacitors is that the dissipation factor decresed with de-
creasi ng temperature, which is undoubtedly ascribed to the metallic nat ure of the
organic conductor.47

The improved capacitor performance over the Mn02-based capacitors, es- -

pecially in the low-temperature and high-frequency characteristics, may extend the
applicabi l ity of the electrolytic capacitor from the ordi nary low-frequency use.
A thin film capacitor with a screened organic-conductor electrolyte is currentl y
being developed by Itoh et a!.,’~ interfacing with an application to an audio fre-
quency and high-voltage capacitor.

Transducers 
V

Some of the organic solids are very sensitive to physica l or chemical stimuli , V

and a variety of organic transducers have been found feasible. The flexibility, 
V

moldabil ity, and mechanical properties of polymeric substances may also be
utilized in these applications.49

Elastomeric or flexible conductors have recently found an extensive utility in
integrated or display circuitry , as connector, junction , leads, switches, and so on.
Hermann et a1.~°’5’ have prepared elastomeric TCNQ salts that have striking dif-
ferences in electrical behavior from carbon-filled polymers. The elastomeric com-
plexes had either unchanged conductivities or increased conductivities with elon-
gation , suggestive of a stress-induced molecular orientation . A flexible channel

V electron multiplier employ ing NaTCNQ or carbon fillers has been developed and
V used for photon detection in space.52’53 The photoconductive polymer poly-

(viny lcarbazole) (PVK) has accepted much attention as a display and printing
medium. A charge-transfer complex of PVK with tr initrofluoroenone M has been
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used by IBM in an electrophotographic copier.” An automatic slide processer
has been manufactured by Matsushita , using dye-sensitized substituted PVK;~ 

V

the technology has been recently extended to making a color slide film.57 A high
quantum efficiency of charge transfer between PVK and Se has been reported by
workers at Xerox 58 and by Ma tsushita ,59 which seems to be pa rticular ly in teresting
because a junction between organic and inorganic solids is an attractive subject 6°
to be studied .

Related to transducers or sensors is a colorimetric indication of various sub-
stances based on charge-transfer reactions. TCNQ is useful in characterizing
amines and amino acids on chromatograms,6’ in determining the critical micelle 

V

concentrations of surfactants ,’2 and in qualif yi ng the catalytic activity of inorganic
catalysts.63 This line of unique applications may have to be developed further , so
that the use of the organic conductors will be called for as an electronic detector

V that may im plement the detection of , say, gases ’8’M or ions,26 at low cost and with
sharp selectivity.

Since the temperature is one of the most important physical variables to be
sensed, the application of organic conductors to a resistance ther mometer has
naturall y been considered. For example, Yamamoto et al.65 have developed a

V “plastic thermistor” using various fi lled polymers, which is actually used for the V

temperature regulation of flexible heating elements. Materials with high-tempera- —

ture coefficient of resistivity, suitable resistivity, and good thermal stability have 
Vbeen explored, and TCNQ sal ts with metal l ic cations~ and cationic ionene poly-

mers67 were found to be advantageous to the device. Organic conductors that
display reversibIe~ ~ or irreversible 71’72 phase transitions offer another attractive
possibility as a temperature transducer or a temperature-sensitive switch. In par-
ticular , there appear to be many organic conductors that have a sharp metal-
insulator (M-I) transition as demonstrated in (TTF)(TNAP) at 185 K 73 (TNAP-( l l , l l ,12 ,12-tet racyanonaphtho-2,6-quinodimethane), TTF-(L),, between 200 and
270°K ,74 (TTF),2(SCN)7 at l67°K ,75 (TTF),2(SeCN)7 at 173°K ,15 (NPPyXTCNQ)X V

between 371 and 381 ‘K 7 (NPPy is N-n-propylpyridinium cation), and (NPTh)
(TCNQ)X between 340 and 405° K 76 (NPTh is N-n-propylthia zolium cation; see he
following section). For the present these compounds cannot compete with vanadium
oxides 77 as a critical temperature resistor (d R)78 because of their instability upon
temperature cycling or insufficient magnitude of the resistivity change at the
transition point. However , use of these and related systems could be reconsidered
if the phase transition could be modified molecularly that the tranSition tempera-
ture is varied over a wide range and the resistivity change is as large as that of

V VO2, 79 (TTF)(TCNQ) 8° or TTF-I~.74 Resistors with the positive temperature co-
efficient of resistance (PTCR) 8

~
82 may favorably be used in simple temperature-

V regulating circuits. The first , interesting discovery of such PTCR characteristics in
- - the organic conductors , viz. (NBPy)(TCNQ)~ and (NBTh)(TCNQ)X (where

NEPy and NBTh are N-n-butylpyridinium and N-n-butylthiazolium cations, re-
spectivel y), will now be reported

V 
- 

- 
V 

- CoNTRoL OF ~~~ASE TRANS ITIONS BY SOLID-STATE- CHEMICAL METHODS

V One of the most fascinating features of the organic conductors may be that
their physical properties can be modified by synthetic or solid-state chemical
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V methods, which seems to be the major driving force of the development of this
field . In this section we will present the recent results on the solid-state chemical
control of transition react ions 83 in a new family of organic conductors; (NPPy)
(TCNQ)X , (NBPy)(TCNQ)~, (NPTh)(TCNQ)X, (NBTh)(TCNQ) X and their al-
loys.

Substituted Pyridinium TCNQ Salts

Because of the low-dimensional nature , the TCNQ salts are featured by in-
V stabilities towa rd stru ctur al distortions~ both in the solid state and in solutions as

a growing crystal ,~~
85 which might be an origin of the appearance of polymor-

phism,87 nonstoichiometry,88 and various phase transitions. 89 It has been
shown 79° that the substituted pyridin i u m TCN Q system provides a variety of new
solid-state chemical phenomena. Particularl y, as shown in TABLE 1, (NPPy )
(TCNQ)X and (N BPy)(TCNQ)~ displayed both crystallization anomalies (dimor- V

phism and nonstoichiometry) an d characteristic phase transitions . Since the
• TCNQ-to-cation ratio was dependent on crystallization conditions and could not

be assigned to an integral number, the molecular formula will be provided here-
after with a subscript x or y on TCNQ.

(NPPy)(TCNQ)~ (II) crystallized in a triclinic PT symmetry with crystal data:
a = 7.80 A, b = 13.86 A, c = 14.04 A, a — 95.72° ,~~ 108.54° , and -y 101.09’.
Referring the crystal structures of the TCNQ salts with related cat ions, such as
(N PQ)(TCNQ)2 ,~~‘ (DEBP)(TCNQ)492 (DEBP is N,N’-diethy l-4,4’-bipyridinium), 

V

or (DEPE)(TCNQ)4 (DEPE is 1,2-di(N-ethyl-4-pyridinium)eth y lene),93 it is
plausible that the molecular arrangement in (NPPy)(TCNQ)~ or its related salts
is such that the TCNQ molecules are stacked in a face-to-face man ner with a
tetrameric period and the pyridinium cations are piled in the channel surrounded - 

V

by four TCNQ columns forming a chain in a head-to-head or tail-to-tail manner .
We note here that the anomalies appearing at the specific length of cation is pre-
sumabl y caused by an incompatibility~ between the cation length and the stacking
spacings of TCNQ and/or by the variety in arrangement of the substituents. The
temperature dependence of the resistivity for (NPPY)(TCNQ)X (II) is shown in
FIGURE 5. The resistivity underwent a sharp M-l transition at 376 K , the hig h-
temperature phase having temperature-independent resistivity and paramagnetic V

susceptibility expected for a metallic system. The x-ray and DSC measurements
confirmed that the transition is a first-order transition with crystallographic
changes, and the lR results suggest that the high-temperature modification had an
undistorted stacking of TCNQ molecules in the column. The M-I transition dis-
played by (NPPy)(TCNQ)~ seems to be inherent to the NPPy cation , for it could
not be reproduced by related cations, such as N-ethy lpyridinium , i-propylpyri- V

dinium , N-ethyl- or N-n-propylpicolinium cations (TABLE I) , though some of them
displayed irreversible phase transitions.90

(NBPy)(TCNQ)~ displayed quite a different phase transition as shown in
FIGuRE 6. The reversible transition at 407 K was a semiconductor-to-semicon-
ductor transition accompanied by an increase in resistivity toward higher tempera-
tures, which may be the first finding of reversible PTCR characteristics8’ in the
TCNQ ion-radica l salt. The striking differences in the nature of the transition be-
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Ficuas 5. Temperature dependence of the electrical resistivity of (NPPyXTCNQ)~ (H)
single crystal.

tween the NPPy and NRPy salts strongly suggest that the rotation or rearrange-
ment of the linear substituents has an important effect on the changes in the
stacking mode of the TCNQ molecules.

Thlazolium TCNQ Salts

In order to modify the reversible M-l transition , the pyridinium cation was
replaced by a planar thiazolium cation, which is more polarizable and smaller. Al-
though (N PTh)(TCNQ) 1 was obtained in an isostructural form with (N PPy)
(TCNQ)X (II), totally unexpected electrical properties were observed, as shown in
FIGURE 7. On the first run of heating, the resistivity decreased at about 402 K by a
factor of 200, but upon cooling, it showed a very large hysteresis and a very low
rate of transition below about 330 K. On the following heating run , the transition
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temperature shifted to 405 K , implying the existence of both irreversible and re-
versible transitions.

Latent heat was observed at the transition temperature on heating, T~, (~ H
2.7 kcal/mol for the first run), but , on cooling the sample, exothermic signals
which should be observed at the lower transition temperature , T1, could not be
detected. Instead , we measured the latent heat at TH after the sample was main-
tam ed at a lower temperature for a predetermined period so that we assume the
heat to be that associated with the slow exothermic reaction. Results are shown
in FIGURE 8, from which several important features of the transition were de-
duced; 1) the hysteresis indeed exists and 7’1 is 340 K; 2) the fraction of trans-
formed volume has a maximum at 300-320°K; and 3) the fraction tends to in-
crease again at temperatures below 270° K.

The NBTh salt exhibited almost the same features of the transition as the

102 .
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Fiouu 6. Temperature dependence of the electrical resisti vity of (NBPyXTC NQ)~ (II)
single crystal.
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Fiouae 7. Temperature dependence of the electrical resistivity of (NPThXTCNQ)X
single crystal.

NRPy salt, with lowered transition temperatures with respect to the latter. Char-
acteristic values for the reversible transitions of the four salts studied are sum-
marized in TABLE 2, where TH ,  T1 and the hysteresis (~ T — TN — T1) were
determined using the Iog (p)- T curves and 4 is the logarithm of the ratio of re-
sistivity change at TN defined as negative for the CTR characteristics The
hysteresis behavior may be inherent in the crystallographic phase change, as has
been observed in (TTF)(TCNQ),’5 or triphenylmethylphosphonium(TCNQ)2 ,~°
but the degree of the undercooling of (NPTh)(TCNQ)~, which is comparable to
that of TTF(l)574 or (K)(chloranil),~’ is as high as that of organic melts ”

:~7: ~ In an attempt to account for the large hysteresis, we considered the following
simple model The high-temperature modification is stable below TN because the
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free energy of the system is not decreased on account of a surface en~rgy created
at the interface between the two phases. If we assume that a spherical nucleus of r
in diameter is created at a temperature T, the free-energ y change ~ G(r) is cx-
pressed as

~ G(r) — r 3 
~~ + 4rr 2a ( 1)

3 V

where ~~~~ is the chemical potential, is the molecular volume and a the interfacial
energy. Differentiating (1) shows that there is a critical radius r’ above which the
nucleus grows. The total free energy G2 for the critical nucleus is given by

1 6 2  3 T 2i s a  H (2)
3(1~H ) 2(~~T) 2

The undercooling temperature ~iT is viewed as that which is obtained setting
— kT, so that ,

(~~T) 3 — TH(IIT)2 + 
16v 2u3 TH 2 

- (3)
3k( ~~H) 2

which has a solution in the range 0 � i~T � (2/ 3)T H . Using (3) with experi-
ir4ental data on ~ T and ~ H and estimated data on is, we obtained a rough esti-
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Fiouia 8. Heat associated with the transition ItIN of (NPThXTCNQ)X u a function of
the temp erature at wh ich the sampl e was stood fo~ a period cited
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TABLE 2
CHA RACTERiST IC DATA ON THE REVERSIBLE TRANSiTIONS

Trans. Temp. (K) ~T
Cation TH T~ (K) (cal/g)

‘? >N—CH 2CH 2CH , 376 370 6 —0.62 4.5
(NBPy)

(j3N_~CH 2CH 2CU 3 407 384 23 +0.17 2.5
— (NBPy)

[~~
‘
~ —CH 2CH,CH , 405 340 65 — 1 .49 5.4

S—/ (NPTh)

[T~’N_ CH 2CH 2CH 2CH , 371 351 20 +0.23 3.6
(NBTh)

mate of the interfacial energy; a — 1.8 and 0.46 erg/cm 2 for (NPTh)(TCNQ)X
and (NPPy)(TCNQ)~, respectively. These values can be favorably compared with
the values of surface energy of other solids; Ar of 0.4 1—0.42 , or NaF of 2.1-6.4
erg/cm 297

The above recrystallization theory can be extended to provide a rough for-
• muiation 9’ of a steady state nucleation rate J o :

I l6v 2 ar 3 T,,2 \J o — A T”2 exp I— ~~. (4)
\ 3(~ H ) 2RT(~ T) 2/

The nucleation rate has a maximum at ( l/ 3) T N � T < TN ,  and for (NPTh )
(TCNQ)X the a obtained above yielded about — 25C (248K) as a solution . Thus,
the increase in the latent heat at lower temperatures (FIGURE 8) may be related to
the maximal rate of nucleation. The peak at about 313 K may be ascribed to the
maximal velocity of crystallization. FIGURE 9 shows the transient curve of the
phase transition plotted as resistance as a function of time. The experimental
points were best fitted to a Zeldovich-Frenkel formulation 9’ for the number of
nucleus at time i ,

N — J 0 [ 1 — — !4 ~ exp (— ~c~:)1 (5)

where r is an induction time that depends on the diffusion rate and stacking
probability of molecules in tranSition. The excellent agreement between expcri- .,

‘ 
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ment and theory confirms that the rate-determining step of the solid solid reac-
tion in (NPTh)(TCNQ)X is the nucleation process.

The difference in the interfacial energy between (NPTh)(TCNQ)X and (NPPy)
(TCNQ)~ suggests that the motion of the cation rings also plays an important role
in the nucleation. This agrees well with the fact that the picolinium salts (TABLE 1)
displayed no reversible transition. An S—S interaction in the cation chain or an
intera ction between S and the acceptor N atoms may be postulated . The effect of
the S atom was less significant in the n-butyl-substituted system, so that the PTCR
characteristics may be dominated by a rearrangement of the buty l group.

A lloys

Another approach to the modification of the M-I transition of (NPPy )
(TCNQ)X was made by doping or alloying with (NBPy)(TCNQ)~ or (NPTh)
(TCNQ)~. Various procedures for the preparation of alloys2’ were surveyed, and
a rapid coprecipitation yielded well-defined alloys with great ease. Two com-
ponents, (NPPy)(TCNQ)~ and (NBPy)(TCNQ)~, for example, were dissolved in
N,N’-dimethylformarnlde at 80C in the desired proportions, and the solution was
transferred into cold water drop by drop. After the precipitates were collected,
alloy formation was confirmed by the DSC measurements; the heat associated
with the transition of each component could not be detected. FIGURES 10 and 11
show the resistivity-temperature characteristics of the alloys (NPPy),...~(NBPy)~
(TCNQ), and (NPPy),...~ (NPTh)~(TCNQ),, respectively.

One of the striking features is that the hysteresis behavior that is quite similar
to that observed in (NPTh)(TCNQ)~ occurred in (NPPy) 1_~(NBPy)~(TCNQ),
for x between 0.15 and 0.85. The latent heat associated with the transition was de-
tectable at both TN and T1, indicative of a relatively high rate of transition in this
case. The hysteresis behavior may be regarded as a stabilization of the metallic

TIME ( H )

Fiouaa 9. Transient phenomenon of the resis tivity increase at 40’C for (NPThXTCNQ)X
disc.
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Fi GU RE 10. Temperature dependence of the electrical resistivity of alloys, (NPP y) i_ ~(NBPy)~(TCNQ),.

state, because the negative temperature coefficient of resistivity at the high-
temperature modification may be due to the contact resistance of the powder
sample. These results seem to be particularly interesting because the stabilization
of the metallic staten is a matte r of main concern in the study of organic con-
ductors, and the introduction of disorders can either stabilize the metallic state or
smear out a phase transition.~~ The reason for the appearance of the large
hysteresis is not easy to rationalize in this case. Comparison with the simple model
described above indicates that the introduction of the NBPy disorders into the -
NPPy chain enhanced the surface energy a of (NPPy)(TCNQ)~ from 0.5 to about
2 erg/cm 2, which is probably caused by the steric hindrance of the butyl group
against the diffusion of the new phase taking place through a rearrangement of the
cation chain.

• 
- 

Contrary to our expectation, the introduction of the NPTh disorders into the
NPPy chain effected a parallel shift of the transition points to lower temperatures.

-• ~

-

~~

- - (FI GUR E Il ) .  This necessitates an explanation for the shift of TN or a mechanism
~~

, ‘~~ r 

~~~ 
of the M-1 transition at TN which may be driven by the excess entropy of soft-
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phonon modes. The hysteresis may also be understood on the basis of the re-
crystallizatk n theory, for (3) implies that ATtends to decrease as TH decreases .

Possibilities

• In this section it was shown that we can control the phase transition in the
TCNQ ion radical salts through combination of very simple systems. The transi-
tion temperatures, the temperature hysteresis , and the rate of the tran sition were
modified to vary over a wide range of in terest , and the striking hysteresis be-
havior found in a variety of compositions may be peculiar to organic materials.
Although the unique phase transitions should be examined more fundamentall y,
they are potentially usefu l for practical purposes. Especially, the sluggish nature
of the transition may possibly be used to implement various timing circuits at low
cost. Heating the sample in a form of pressed disc, either directly or indirectl y,
facilitates the control of the timer , and the electrica l resistance may be read as an
output signal. The temperature dependence of the rate of transition may be used
for the regulation of the increase rate of resistance or the operation time of the
timer.

(NPPyh.~ (NPTh)x ( TCNQ )
~

100— X 0  • -
— 0.5 °

_ 5 0 . -
E
U

>.. 20~ -

I-
>

-

C/)
C/)
w
~~ 5 -  -

2 -  -

I I I I I I
20 40 60 80 100 I 20 (40

TEMPERATURE (°C )
FIGURE II. Temperature dependence of the electrical resistivity of alloys , (NPPy)1 -x(NPTh)~(TCNQ),.
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CONCLUSION

Although there have been some guidelines for the molecular design ’ ’°’ of novel
materials with uni que physical properties, we would point out that there may be
two opposing approaches to the successful presentation of such materials; one is
to make the system simple and the other to make it complex. Silicon technology is
the result of the former approach , and the ceramic (or oxides) and liquid crystal
technologies are good examples of the latter. Which direction the study of or-
ganic conductors should take may be open to argument , but we suggest that the
latter approach has a great possibility , as shown in CoNTRoL OF PHASE TRANSI-
TiONS BY SOLID-STATE CHEMICAL METHODS , and furthermore , multiple com-
ponent systems should be investigated.

Besides exploring novel compounds with unique physical properties, it appears
• that we need to pay more attention to applied technology, which seems to have

been a crucial breakthrough in most app lications . Since most of the organic con-
ductors cannot be obtained as large single crystals with good mechanical proper-
ties, techniques such as epitaxy, evaporation, grinding, or compressing are es-
sential to their practica l applications. It is to be desired that we develop such a
technology that not onl y restores the orig inal properties of starting materials ’02
but also offers further interesting properties . For exa mple , the successful evapora-
tion of an epitaxial film of one-dimensional conductors, viz, (TTF)(TCNQ) ’°3
and (SN)~,

1°
~ 

have suggested that the low-dimensionality is advantageously
utilized in the form of an ultrathin film. Finally, the stability and reliability of or-
ganic-conductor devices need to be improved , from both fundamental and tech-
nological points of view . In this sense, we should consult the very successful
development of the li quid crystal display technology ,’°~ in which an extended
operational life of about 80 years has been attained .’06
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DISCUSSION V

PAUL GRANT (IBM—San Jose): Electrolytic capacitors arc generally the first
components to fail in modern solid state circuitry . Have you run any experiments
on the lifetime of these components?

YOSH 1MURA: We tested the lifetime. They last over two thousand hours, which
is suitable for home appliances. -

GRANT: Electrolytic capacitors are used in space, where they are subjected to
large temperature variations and a great deal of radiation. How did the organic 

V

electrolyte stand up to these types of environmental constraints versus the in-
organic ones? -

Y08HIMuIIA: The temperature characteristics are quite sufficient , as compared
to conventional aluminum. Organic conductors are very sensitive to moisture,
and we must be careful to package the sample. We have not examined the effect of
radiation.

PERLSTE IN : A photoreceptor currently in use is an organic photoconductor.
In fact, the composition is such that it contains low-dimensional interacting

_ _ __ _  - - — 
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molecules which , we believe, accounts for the very high quantum efficiency for
charge generation. . 

-

METZGER: K. Tamaru , of the University of Tokyo, has claimed that many of
his donor-acceptor complexes are very good catalysts for typica l H2— D 2 ex-
change and H D exchange with C2 D2-hydrogen-containing DA complex, which
are typica l model reactions in heterogeneous catalysis. The problem seems to be
that the experiments are hard to do and to duplicate. Preliminary work at the
University of Mississippi has failed to substantiate Tamaru ’s claim , at least for
metal-free DA complexes.

N. P. ONG (Univ. of Southern California, Los Angeles. Calif): One aspect of
charge-density wave materials that shows promise in technological applications
is the nonlinear effects that some of these materials show. It is known that (TTF)
(TCNQ) in the semiconductor phase shows strongly nonohmic behavior. En the
metallic NbSe3 we have found that it is hig hly nonohmic. For example, the ap-
plication of a O.5V across a hundred-ohm sample ‘will drop the resistance by a
factor of two. This probably shows some promise in applications in microelec-
tronics. (Ong, N.P. & P. Monceau , l977. Phys. Rev . 8, 16: 3443. Added In proof.)

TORRANCE: It has been shown at IBM that the UV-induced reaction between
TTF and Cd 4 leads to the formation of the metallic salt TTF(CI) ..09. If a piece
of paper is dampened by a CCI4 solution of TTF (yellow) and then irradiated by
UV light through a mask , the pattern of the mask is reproduced on the paper as a
red conducting ink , (U.S. Patent No. 4,036,648).

ROBERT SOMOANO ( Jet Propulsion Laboratory , Pasadena, Calif ): I wish to V

point out several examples of products currently in commercial use that were dis-
covered as a result of a basic research program involving the study of organic
(and polymeric) conductors. A variation of the electrochemica l cell discovered by
A. Rembaum at the Jet Propulsion Laboratory , which you described, has been
developed . This modified electrochemical cell contains iodine , poly(viny lpyr idine),
and lithium metal and forms an efficient and effective battery that is currently
finding widespread uSe in cardiac pacemakers. It appears that a greater percentage
of the future pacemakers will utilize this organic cell. Second, during the course
of an investigation of highly conducting polymers at JPL , Rembaum developed a
series of high charge-density polymers called “iorienes.” Reaction of the ionencs
with TCNQ yieliicd semiconducting polymers with relatively good electrical con-
ductivity. However, the iot~enes themselves were found to have high biologi :al ac-
tivity and to function as model flocculation polyelectrolytes. These materials are
being considered for use in large-scale water-purification systems.

: _ ~~

1’

~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~TI ~~~~~

- 

I 
~~V t



PART II. ORGANIC MATERIALS

ORGANIC METALS: BASIC
CRYSTAL-GROWTH TECHNIQUESS - V

Jan R. Andersent and Edward M. Engler
IBM Thomas I. Watson Research Center

Yorktown Hetglus. New York 10598

Klaus Bechgaard
H. C. Oersted Institute

Copenhagen DX-2 1fX) . Denmark

During recent years, much effort has been devoted to the design and synthesis
of new materisls with potentially interesting solid-state properties.I Many such
compounds, however, have been discarded or are slowly decomposing on labora-
tory shelves because the last crucial step in the preparation—the growth of single
crystals suitable for conductivity measurements, structure determination , and so
on—has failed. In this paper we present some methods successfully employed in
our laboratories for growing crystals of charge-transfer salts of the TTF-TCNQ
type. The paper is based chiefly upon personal experiences, supplemented with
observations from others. We recognize that our views may not be new and that
different techniques used elsewhere may work equally well. The techniques to be
covered are diffusion , evaporation, cooling, viscous media diffusion, precipitation,
and vapor-phase growth. Before we begin a description of these, we should like to
make some general remarks.

The materials—i.e., the neutral donors and acceptors used in the crystal-
growing experiments—should be pure. In some cases it is more beneficial to start
from a microcrystalline powder of the charge-transfer salt , but since that is nor-
mally 2 made from the neutral constitutents, the same considerations apply.

V Multiple gradient sublimations were proposed by McGhie ci al.3 as a proper
means of purification. This was later challenged by the Johns Hopkins group,
which found no advantage in gradient sublimation compared to normal sub-
limation techniques.4 In the latter report it was also claimed that crystalline im-
perfections seem to have a greater impact on the conductivity behavior of TTF-
TCNQ than does chemical purity. In our opinion , a thorough cleanup of the con-
stituents—e.g. by multiple recrystallizatlons followed by gradient sublimation—
should always be performed , although we also have observed that limited
amounts of impurities do not significantly affect the electrical properties 0’ the
charge-transfer salt. However, for other purposes, such as low-temperature -inag-
netic measurements, the purity of the sample is very important.

The careful purification of the solvents used for crysta l growing is important,
since even very small amounts of impurities in the solvent, in relation to the
amount of material employed in a typical crystal-growing experiment, arc sig-

‘Manuscript received Ju ne 6, 1977.
t IBM postdoctoral fellow. Present address: Chemistry Department, Research Establish.
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nificant. Furthermore , all crystal growing experiments should be performed
under an inert atmosphere.

The key solvents for growing these charge-transfer salts are all organic. Some
polarity seems to be a necessity, although that does not exclude nonpolar solvents
such as hexane used as a “mixer” to decrease polarity . Solvents typicall y chosen
are MeCN , CH 2CI 2, CHCI 3, THF , EtOAc or mixtures thereof, and for high tem-
perature experiments , PhCl.

During crystal growth , care should be taken to avoid undue exposure to light ,
since photochemical reactions have often been observed 5 and , in one instance, de-
scribed.6 This problem can be conveniently overcome by wrapping the whole

V growing apparatus in aluminum foil. It is also useful to choose a relatively
vibrationless place for the experiment , since vibrations can cause rapid nucleation
to occur , resulting in microcrystalline powders or , at best, many small crystals.

V V Furthermore, for most of the techniques it is advantageous to control the tempera-
ture during the experiment by immersing the apparatus into a thermostated bath.

Glass apparatus apparently leach small amounts of ferromagnetic impurities ,7
and presumably alkali-metal ions as well , into the solution during crystal growth..
This problem can be minimized by use of a quartz- or Teflon -coated apparatus;7
however, for most purposes leaching does not appear to be important. If there is
concern , Teflon coating of a glass apparatus4 may be the better solution , since even
high-quality quartz leaches to a small extent.

Some knowledge about the system for which crystals are to be grown is im-
portant in determining the conditions. The electron affinity and the ionization po-
tential of acceptor and donor , respectively, and their solubilities, should always be
at least estimated. With these entities known , the process of choosing a medium
with the proper polarity and appropriate “solubility power” is facilitated , and it is
also easier to determine what particular experimental setup and what temperature
to employ for the crystal growth .

H-TUBE

-, ,
~~~,...V SOLVENT

CRYSTALS —

FIGURE 1.

DONOR ACCE PTOR
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,_—TEST TUBE

- FIGURE 2.

. — SOLUTION OF
C O M P L E X

We present below some crystal-growing techniques we have found to work
well for a wide variety of TTF-TCNQ derivatives . They are listed in descending
order in approximate accordance with their versatility and ease of use.

The diffusion technique. in connection with organic metals, has been described
~~~~~~ The variant currently in use in our laboratories , the H-tube, is shown in
FIGURE 1. This design allows a solution of, or the solid acceptor itself, to be placed
in one leg and the donor, likewise, in the other. Solvent is then carefully added to
fill the tube, and the componf:rts diffuse together at a rate determined by the tem-
perature and the solvent. A variety of modifications of the basic diffusion tube,
such as the incorporation of a central solvent chamber’ or the use of porous frits
between compartments to slow down diffusion ,’ are possible. To our mind , how-
ever, the less sophisticated H-tube is less troublesome to work with , and , more
importantly, it gives crystals of equal quality .

If there is a large difference in solubility between the components, solutions of
the solids are preferred over the solids themselves in order to ensure that the V

charge-transfer salt does not precipitate on undissolved crystals of the more in-
soluble component. When this is not convenient , e.g. if the donor or acceptor is too
insoluble to allow enough material into a small amount of solvent, then the fol- - V

lowing procedure has been found useful: The more insoluble component is
crushed and placed in the H-tube as a powder, while large, chunky crystals of the
other component are selected for the experiment. Because of the much larger sur- - -

face area of the “insoluble” component, it will dissolve more rapidly. On the other — 

V V

hand , the more soluble component dissolves more slowly for the opposite reason. . - :  V

By making these kinds of adjustments, crystals of a wide variety of charge-

___________________________________________ 
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transfer salts can be obtained. Growth at a temperature in the vicinity of 30C
often gives good crystals of compounds with solubilities comparable to TTF-
TCNQ. For more insoluble systems, such as HMTSF-TCNQ, a higher tempera-
ture is often preferable (60—80’C, PhCl).

Slow evaporation is a very simple technique, wh ich, in many instances, give
astonishingly good crystals. It is especially useful for rather soluble charge-
transfer salts such as heterofulvalenium salts of alkylated TCNQ analogs or in
systems where oversaturation is a problem . All the experiment requires is a test
tube (FIGURE 2). A dilute solution of the complex in question is placed in the tube.
Solvent is then allowed to evaporate slowly until crystals are formed. Solvents
with boiling points below lOO C should be used, in order to complete the experi-
ment within a resonable length of time. If higher boiling solvents are a necessity,
the temperature may be raised. Evaporation under an inert atmosphere can most
conveniently be carried out in a glove box.

Growth from viscous medium is a modification of the diffusion technique, and a
typical apparatus for this experiment is shown in FIGURE 3. The viscous liquid is
a solution of a polymer in an organic solvent. We have used polymethy lmeth-
acrylate (PM MA) for making MeCN and THF viscous, and polystyrene (PS) for
aromatic solvents. The viscous media ensures that the diffusion is very slow and
that differences in density between the solution near to a nucleation site and the
surroundings do not cause much turbulence. In this respect, the viscous media
technique imitates a zero-gravity experiment.

The presence of chemically inert polymers’° such as PMMA and PS during the
crystal growth do not appear to contaminate the crystals grown. For example,
crystals of TTF-TCNQ grown in the presence and absence of PMMA ” have
identical x-ray patterns and very similar electrical properties. The only difference
appears to be that the crystals grown from the viscous medium were thicker (more
growth in the a and c directions) and had a higher room-temperature value of the
conductivity (ca 1000 (ohm cm)-’) than normally observed for this material. No
differences were noticed in the position of Tmi~, the sharpness of the phase transi- V

tion or the ratio O TmII, /O RT (ca 15). The only inconvenierce of this technique is
that a very careful washing of the crystals is necessary to avoid deposit~ of the
polymer on the crystal surfaces. This is a limitation , since only fairly insoluble
crystals can survive this treatment. Viscous media-diffusion growth was tested suc-
cessfully on TTF-TCNQ, and we have been able to produce fair crystals of V

I I II IIII II III iIII II~II IIIII II~
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SOLUTION OF
COMPLEX

FIGURE 4.

HEAV Y WALLED AMPOULE

V - DTTSF-TCNQ’2 (DTTSF — Di-(2,5-dihydrothieno)-[3,4-b, 3,4-hi-i ,4,5,8-tetra-
selenafulvalene), a system where other methods failed.

The slow cooling technique has in the past been shown to be very useful for
growing crystals of solid solutions of charge-transfer salts e.g. TTF~TSeF, ~~-TCNQ’3 and for doping experiments.’4”5 Since solubility and diffusion-rate dif-
ferences between the host and the dopant are minimized by this method, we feel
that more reproducible and uniform solid-solution distributions can be realized V

this way in comparison to a diffusion technique. We have used two different cx-
perimental setups: one for very insoluble and a second for moderately soluble sys-
tems. The first consists of a heavy-walled ampoule (FIGUR E 4) in which the con-
stituents and a suitable solvent are placed . The ampoule is closed and heated until
a clear solution results . It is then placed in a programmable, hot, thermostated
bath and allowed to cool very slowly to ambient temperature . In this way crystals
of the organic alloy HMTTF , HMTSF , ...,~-TCNQ,’6 together with HMTSF-TCNQ
doped with small amounts of MTCNQ,’7 were obtained .

The second setup is a flask , in which a boiling solution of the desired salt is
placed. The flask is then stoppered, placed hot into a pre-heated Dewar and packed
with warm glau wool. Overnight standing normally causes precipitation to occur.
Crystals of TTF TSeF1 ..5-TCNQ,’3 TI’F-TCNQ5MTCNQ, ~~~~~ and TS F-
TCNQMTCNQI_J ’5 have been grown in this manner. The advantage of the 

V

second method is that it is completed overnight. It is not, however, applicable for
all system s, and the more tedious and time-consuming ampoule method serves
well in many such cases. -

The precipitation method is the least investi;ated of the methods presented
here. It is only known to work for TTF-TCNQ” and for the TTF-halides.” The
experiment is also, in this case very easy to conduct. A bottom layer of a volatile,
low-polarity solvent is placed in a vial (FlouRs 5). Into this is immersed a little
test-tube containing a nearly saturated solution of the complex. The vial is closed
with a tight, screw cap, and as the solvents begin to equilibrate through the vapor

:~~- phase, crystals begin to form .
- 

_ _
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The same setup can be converted to an evaporation experiment , if the low
polarity solvent is replaced by a nonvolatile substance that absorbs or reacts with
the solvent in the test tube .

When the solution-growth methods fail to give satisfactory results, vapor-phase
growth may be considered a possible candidate . However , it should always be
borne in mind that even when this method gives crystals, they can have a stoichio-
metry different from 1:1 , as observed for TMTT F, 3 -TCNQ22° and TMTTF ,~-TCNQ2 21 . Growth in another direction than would be expected has been observed
for TTF-TCNQ.22

It is a condition necessary for vapor-phase growth that both constituents be
able to sublime , since it is unlikely that it is the charge-transfer salt itself that
enters the vapor phase, but probably the individual donor and acceptor mole-
cules.” Typical experimental conditions for a vapor-phase crystal-growth experi-
ment can be as shown in FIGURE. 6. A small Teflon boat containing a powdered
sample of the salt is placed in a quartz or a glass tube coated with Teflon or
Kapton. The tube is then evacuated to below l0_ 6 torr and closed. It is placed in a
temperature gradient with the powdered sample in the hot end , and the tempera-
ture is increased until a deposit of solid is observed at a colder position. Separation
of donor and acceptor is sometimes observed , but after a while they normall y
diffu se together at an intermediate position to form the charge-transfer salt.

Quartz or coated glass may be necessary in this experiment , since decomposi-
tion of donors and acceptors on glass surfaces has been observed under experi-
mental conditions similar to these.3

In order to characterize properly the solid-state properties of new charge-
transfer salts, single crystals are necessary. Fortunately, these crystals do not
have to be very large. For example, four-probe dc conductivity measurements
can be carried out on crystals as small as a couple of mm in length. In lieu of
single crystals, certainly a conductivity measurement on a compacted powder canV 

be carried out in order to decide, whether it is worth spending the time and work
necessary for crystal-growing experiments. A more informative measurement is
probably the recording of the electronic spectrum of th~ material in a KBr
pellet.23 Characteristic absorption bands in the infrared region—around 2..5~ for

i l l I l I l l I l l If  111 ( 1 
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TEMP. GRADIENT

FIGURE 6.

COMPLEX - EVACUATED
(POWDER) CRYSTALS TUBE

TCNQ salts—are a signature of the mixed valence segregated-stack structure
necessary for high conductivity in the material.

Multiple phases of these charge-transfer salts are not uncommon. Thus, if a
new material forms an insulating phase under a particular set of crystal-growing
con ditio ns, other conditions should be tried to establish the possibility of a con-
ducting crystal habit. For example, with the systems TMTSF-TCNQ~ and
DEDMTSF-TCNQ,~ the polarity of the solvent used in the growth experiment de-
termined whether a conducting or insulating phase was obtained. For the first ma-
terial , seeding with small crystallites of the conducting phase was also employed in
order to improve crystal quality. The temperature at which nucleation begins can
also determine whether an insulator or conductor is formed. For example , slow
evaporation at 2YC gave the conducting form of TSeF-DETCNQ, whereas rap id
cooling from the same solvent gave the insulation isomer.~

Crystal growth of these charge-transfer salts is an unpredictable and sometimes
frustrating task. Perseverance is a valuable quality for anyone working in this
area , and often decides the difference between success and failure.
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Considerable progress has been made in the experimental understanding of
• l-D conductors, especially in the case of tetrathiafulvalene-tetracyano-quino-

dimethane(TTF~TCNQ).U Of critical importance to these studies are the degrees
of sample purity and perfection , since jt is now generally agreed that many im- 

V

portant solid state properties are sample dependent.3 These properties can be
ascribed to differences in chemical purity or physica l perfection rather than to

V differences in experimental methods or handling techniques, since crystals pre-
pared by us have given similar results when measured in different laboratories .

We wish to report the results of standard instrumental methods of analysis for
determining the chemical purity of TTF-TCNQ samples obtained by different
synthetic and purification techniques.

TTF was prepared according to Melby ci al..’ except that the final coupling
reaction utilized the perchlorate salt rather than the phosphorus hexafluoride . V

TCNQ was prepared by the method of Acker and Hertler.3 Details of both prepa-
rations have been reported elsewhere.’

Purification of both TTF and TCNQ was accomplished by primary recrystalli-
zation , TTF from cyclohexane and TCNQ from acetonitrile, followed by multiple
gradient sublimation.7

Crystals of TTF-TCNQ were grown by the three chamber-diffusion technique
previously described by Nigrey.8

Chemical analysis of TTF-TCNQ crystals has been carried out only by e(e•
mental analysis for C, H , N, and S and found to be accurate within the error of
the measurement.9 Because of low solubility, most of the analyses we performed
have been on pure neutral samples of T1’F and TCNQ. The reactive nature of both
neutral components is such that only a limited number of instrumental analytical
methods are available for-examining the very high levels of purity required in this
work. We have concentrated primarily on two nonrelated techniques—thermal
analysis and chromatography.

THERMAL ANALY SIS

The melting behavior of a known material can be a useful guide to the degree
of purity achieved, and when taken to the extreme hu been used to characterize

‘This work was supported by the National Science Foundation , MRL Program, under
grant no. DMR76-0067$. Manuscripi received June 15, 1977.

*Current Address: Hughes Research Laboratories, Malibu , California 90265. - -
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TABLE I
MELTING POINT OF TTF SAMPLES

Source Forefraction (C) Main Fraction (C)
Aldrich

A: as received (11 7 .3—I 19)
B: I x G.S. ND 119.3-119.5

Synthesized
A: R ( 118-119)
B: R + I x G.S. 119.0-119.3 119.3-119.5
C: R + 2 x G.S. 119.3—11 9.4 119 . 3-11 9 .5
D: R + 3 x G . S .  ND 119.4- 119.5
E: R + I x G.S. 118.5—11 9 .3 119.3— 119.6
F: R + I x G.S. ND 119.3-119.4

~ Recrystallized from Cyclohexane; G.S. — gradient sublimed; ND — not determined.

standard materials to 99.999% purity. ’0 We have routinel y measured the melting
point or melting range of samples of TTF subjected to various purification treat-
mcnts using a Mettler FP5/FP52 hot-stage microscope. High-purity benzoic acid,
> 99.99%, m.p. 122.4 C, was used to calibrate the hot stage. The melting point
was obtained by heating the sample at 3°C/mm to I ITC , then at 0.2°C/mm ,
until melting was complete. TABLE I lists the results obta ined for TTF samples
purified either by recrystallization or recrystallization plus gradient sublimation.
Two sources of h F  were examined: a) commerciall y supplied TTF from Aldrich
Chemica l Co. and b) synthetic material prepared in our laboratory. In both cases
the recrystallized only materially gave a broad melting range and lower melting
point than the gradient-sublimed material. Most of this effect was presumed to
be due to occluded solvent in the crystals, because the forefractions of the gradient-

V sublimed material gave a high melting point , though not as high as the main frac-
tion. After two gradient sublimations it was observed that the forefraction and the
main fraction wcrc~ of similar purity, indicating that little, if any, decomposition
had taken place during the sublimation. V

Attempts to determine the melting point of TCNQ by the same technique were
unsuccessful because of rapid sublimation and reaction with the adjacent glass
coverslip. With use of a unique nonreactive sample holder ,1’ it was possible to
determine the melting ranges of TCNQ samples. For the purest samples prepa red
by multiple gradient sublimation in Teflo n5 it was possible to go through several
melting cycles and obtain the same melting range each time, 292—294°C, indicating
that TCNQ is relatively melt-stable. This fact enabled us to determine the purity
of TCNQ by the more quantitativ e technique of differential scanni ng calorimetry.

Bot h TTF and TCNQ have been analyzed by differential scanning calorimetry
(DSC). ’2 This isa well-established technique that gives a measure of the total im-
purity concentration rather than that of specific impurities. The technique is
normally restricted to impurities that form eutectics and is not applicable either
where solid solutions are for med or where rapid thermal decomposition occurs.
Fortunately, most organic systems are eutectic formers.

The total impurity concentration is obtained from a modification of the Van ’t

V . . - _____________________________________________
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Hoff Equation , as applied to dilute solutions , and is given by the equation

(RT02 X 2) 1
i~ll~ F

where
All1 heat of fusion of pu re major component (cal/mole), V

R gas constant (1.987 cal/mole/° K),
— sample temperature (°K),

melting point of pure major component (° K),
= mole fraction impurity,

F fraction of sample melted at T,.
A plot o fT, versus I / F  yields a line of slope

V 

RT02X 2

The ~ H1 may be obtained directly from the DSC scan or from the literature. The
mole-fraction impurity can then be calculated. This analysis is suitable for mate-
rials of purity 98—99.99%, with an error of *0.02%.

The procedure employed was that described by Barra ll and Johnson ,’2 with
V OflC exception. As we were examining high-purity materials it was felt essential to

obtain the most appropriate value for the thermal lag constant of the cell. In order
to take into account the fact that organic materials have a thermal conductivity
which is 500 times smaller than that of metals , the therma l lag consta n t was
obtained by using high-purity organic standards whose melting points were close
to those of the materials under investigation. The standard materials chosen were
benzoic acid , m.p. 122.4°C , and chrysene 256°C. Benzomc acid was purified from
ACS certified material (Fisher Scientific , sublimed) by zone melting (12 zone
passes at 1 inch/hr on a Sloan-McGowan zone melter), which is known to result
in ultrahigh-purity benzoic acid of >99.995%. b0 Chrysene ~Aldrich Puriss.) was
purified by a combination of sublimation , zone melting (100 zone passes) and
liquid chromatography. ’3 Purity, as determined by HPLC and G.C., resulted in V

material >99.99%. Both of these materials yielded thermal lag constants slightl y
higher than that of the pure metals recommended for those temperature regions.
These corrections affected only slightly the results for materials of highest purity.
The values obtained are summarized in TABLE 2. The melting points of benzoic V

TABLE 2
THERMAL LAG CONSTANTS OBTAINED FOR STANDARD REFERENCE MATERIALS —

MP Thermal Heating
Material (C) Lag Const. Rate C/rn in

V 
Benzoic Acid 122.4 0.72 I
Indium 156.6 0.55 1
Tin 231.9 0.80 I

0.40 2
-
~~~~ 

Ch rysene 256 0.43 2

___________________________ V V V  
.
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acid , indium , tin , and lead were also used to calibrate the temperature scale of
the calorimeter.

DSC runs were carried out with a DuPont 990 thermal anal ysis system . Purity
was determined by computer anal ysis of the DSC scan after manual calculation
showed good agreement. The program y ielded the following information: I )  mole
fraction of impurity, 2) ~~~~ 3) T0, and 4) fractional area correction required for
linearization. The data were anal yzed only in the region 5—40% fraction melted. 

V

DSC ANALYSIS OF TCNQ

Initial DSC runs were carried out in both aluminum crimped and hermeticall y
sealed pans and resulted in decomposition of TCNQ due either to reaction with
the pan or decomposition in the melt. Castro ’4 reported running  TCNQ in gold
pans as a means of avoiding decom position. I nitia l attempts with crimped gold
pans resulted in sublimation of the TCNQ from the cell . Success was achieved
by evaporating thin layers of gold (300—500 A) on the inside of hermetic2ll y sealed
aluminum pans. With these pans the sample could be melted , recr)~~allized ,
and remelted without apparent decomposition. In fact , the interesting observation
was made that higher purity was measured when high-purity crystalline samples
were run for the second time. This was due to the fact that after melting, a thin
film configuration was achieved resulting in better thermal contact with the pan.
Samples introduced as powders did not show this effect and impure samples
tended to give lower values on the second run , presumably due to thermal decom-
position.

The raw DSC data obtained are shown in FIGURE I for two samples of widely
differing purity. The analytical results obtained for a variety of TCNQ samples
of vary ing purity are included in TABLE 3. From these results it can be observed
that material of the highest purity, >99.95%, was obtained only after two gradient
sublimations. Commercially available TCNQ from two separate sources yielded
material of much l wer purity afte r identical puri fication procedures. The fore-
fractions of gradient-sublimed material were consistently less pure than the main

TCMPSNATU~( (C)

______ — —  
251 25) 2B3

~ 
JAJCMPtFdAJPTH s~~~pus 

______________

- 

~ 
Jo.amci.,..cni~ —

S., 
•~ TCNQ~ ALD ICH . AS~~ICEIVED. II1mI
b) TC NQ~ $YN1’U tSIZt D . I.30 i,, -

- 
LAG 1L0 ( - 

I

FIGURE I .  DSC thermograms for two samples of TCNQ. a: TCNQ, as received (Aldrich
Chen i . Co.); b: TCNQ, synthesized , recrystallized and x 2 gradient sublimed .
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TABLE 3
DSC DETERMINATION OF PURITY FOR TCNQ FROM VARIOUS SOURCES

Mole % Purity
Sourc e 1st Run 2nd Run M. Pt. (C)

As Received
A ldrich , Sample A 99.64 99.66 289.4

Sample B 99.90 99.91 289.6
Eastman 99.59 99.47 288.7
Synthesi zed and Recrystallised 99.07 98.65 288.6

Gradient Sublimed
Synthesi zed, Forefraction Sample A 98.86 99.01 288.6
Synthesized , Forefraction Sample B 99.5 1 N.D. 289.3
East man , 2 x G.S. Main Fraction 99.77 N .D. 289.8
Aldrich , 2 x G.S. Main Fraction N.D. 99.85 288.9
Synthesized , I x G.S. Main Fraction 99.88 99.93 290.4
Synthesi zed. 2 x G.S. Main Fraction 99.95 99.98 290.1

Samp le A
Synthesized , 2 x G.S. Main Fraction 99.91 99.96 290.4

Sample B
Synthesized , 2 x (iS. Main Fraction 99.90 99.95 290. 1

Sample C -

fraction , indicating that this procedure removed a more volatile impurity. In gen-
eral, the calculated melting point increased with purity, the scatter in the data
being due to the inaccuracy of the temperature sensor, *0.5 C.

Accuracy of these results was reduced by using a relatively fast heating rate,
2 C/mifl , to minimize the time that TCNQ existed in the molten state.

It must be emphasized , however , that the purities quoted in this table cannot be
considered absolute measures of purity due to the restrictions discussed previously,
but can be considered as a consistent set of relative values.

DSC ANALYSIS OF TTF

The foregoing discussion of the applicability of DSC to analysis of TCNQ
holds also for TIE, except that TTF appeared to be thermally stable in the melt
and hence was run in regular crimped aluminum pans. FIGURE 2 illustrates the
variation in DSC thermograms for samples of widely differing purity.

To check the reproducibility of the DSC technique, six samples were run from
the same batch of TTF. The results are shown in TABLE 4. Excellent reproduci-
bility was obtained for h F  first-run data in purity, T0, A H1, and fractional area
correction , with the following average values obtained: purity — 99.99 ± 0.01%,
m .p. 1 19.4°C , i~sHj  — 4.28 Kcal/mole.

Second-run data for this series were interesting in that they showed consistently
lower values of all quantities measured together with a larger fractional area
correction for the least pure samples. These results indicated that slight decom-
position of the sample had taken place on melting. Subsequent repeat runs on a
high-purity TTF sample in a hermetically sealed pan confirmed the fact that

- - 

~~~ - TTF decomposes slowly in the melt. The results obtained above indicate that this

- V $
y
,
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TEMPERATURE (C)
II? 118 

______ Ia ______ - - 20 - - 121

____________________________________ 
BASELINE FOR BOTH SAMPLES 

O.2mcol/; .c/rn

~) TT F. RECRYSTALUUD. 2.20m9
b) TTF . TWIC E GRADIENT SUBLIMED, 212mg
c )  BENZOIC ACID. THERMAL LAO SLOP E 

-
- - C

FIGURE 2. DSC thermograms for two samples of TTF. a: TTF synthesized and re-
crystallized; b: TTF synthesized , recrystallized and x 2 gradient sublimed.

is not a serious analytical problem , provided the sample is melted for the mini-
mum time possible. Thermal decomposition of TTF was also observable by gas
chromatographic analysis.

The results of DSC purity analyses for our synthesized TTF at different stages
of purification are shown in TABLE 5. The highest measurable purity was obtained
only after two gradient sublimations . Samples a), b), and c) were prepared by
three different chemists using the same synthetic route. Samples d) and e) were
from the same batch in which two polymorphs were obtained in the forends of the
sublimation. Both samples behaved identicall y, with only a small difference in

TABLE 4 
V

REPRODUC BILITY OF DSC DETERMINATION OF PURITY IN TTF

Wt. Purity T0
Sample (mg .) (C) (Kcal/mole) % Area Correction
lst Run

2. 15 99.99 119.5 4.35 0
2 2.1 1 99.99 119.4 4.31 0 4

3 2. 11 99.99 119.5 3.97 0.55
4 2.02 99.98 119 .4 4.63 0

I 5 2.10 99.98 119.5 4.33 0
6 2.12 4.11 0

99.99 119 .4 4.28
2nd Run

I 2.15 99.96 119.5 4.21 2.31
2 2.1 1 99.98 119.4 4.40 - 0
3 2.11 99.95 119.5 3.86 4.6
4 2.02 99.97 1 19.4 4.41 0
5 2.10 99.94 119.5 4.09 5.18
6 2.12 99.98 119.4 3.97 - 0

99.96 1 19.4 4.16
— V V V!
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purity being observed. As expected, sample f), the forend of a once-gradient-
su blimed sample, is less pure than samples a), b), and c), and sample g), recrys-
tallized onl y, gave the lowest measured purity.

TTF has recently become commercially available (Aldrich Chemical Co.) and
preliminary work with it indicates that hi gh purity is easily achievable by gradient
sublimation .

LIQUID CHROMATOGRAPHY

Chromatography is a technique in which completely different mechanisms of
purity determination are used and represents a method of identification compli-
mentary to thermal anal ysis. In this technique individual molecular species can be
detected.

High-pressure liquid chromatography (H PLC) has recentl y been developed’5

TABLE 5
DSC DETERMINATION OF PURITY FOR TTF FROM VARIOUS SOURCES S

Purity T0
Source (C) (Kcal/mole) % Area Correction

A: R + 2 x G.S. 99.99 119.6 4.36 0
B: R + 2 x G.S. 99.99 119.6 4.42 0
C: R + 2 x G.S. 99.99 119.6 4.22 L5
D: R + 2 x G.S. Forend 99.97 119.6 4.72 2.0

(yellow)
E: R + 2 x G.S. Forend 99.90 119.7 4.52 6.55

(red)
F: R + I x G.S. Forend 99.86 — — —

0: R 99.79 119 .3 3.78 6.8 
-

— Recrystallized; G.S. — gradient sublimed. -

to the stage where it can equal the speed and sensitivity of gas chromatography
for nonvolatile species that cannot be examined by GC.

Both neutral TTF and TCNQ and TTF-TCNQ have been studied with a
DuPont 830 liquid chromatograph with a standard 254 nm UV detector. Initially, ¶
HPLC columns utilizing adsorption , normal partition , and reversed phase parti-
tion separation mechanisms were used. Column packings included one meter
lengths of Permaphase~ bonded ODS~, PSP~ , ANH~ , and ETH~ (2 meters) on
Zipex~ support, 0.25 m ODS~ on Zorbax , and 0.25 m Zorbax-Sil (all E. I.
DuPont and Co. trademarks), and a one-foot Partisil M9 ODS column (What-
man). All of these columns were tried with solvents ranging in polarity from
hexane to methanol. In no case was an acceptable chromatogram obtained due
either to nonretention or degradation on the column. In the case of column
degradation, similar degradation patterns were observed for all samples and no
additional peaks were observed that could be attributed directly to an impurity.
In the cases where no retention of the main component took place, there was no

- - ~~~~~~~~~~~~~ evidence for impurities with longer retention times.
- ~~~~~~~
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Some degree of success was achieved by yet another method of separation ,
steric exclusion chromatography ’6 (also known as gel permeation chromatog-
raphy). In this technique, which was primarily developed for separation of poly-
mer molecules according to their molecular weight , a column is packed with
porous particles having a closely controlled pore diameter. Molecules passing
through the column are separated on the basis of their molecular size. Large
molecules cannot enter the pores and are not retained on the column. Smaller
molecules enter the pores and are held on the column, having retention times
inversely proportional to their size. There is, however, a limiting retention time
at which every molecule below a certain size will be eluted. This is dependent on
the average pore diameter. Columns have recently been developed with very
small pores, enabling molecules with molecular weights of less than 100 to be
separated .’7

The system used for separation of TTF and TCNQ was a 2 ft x 3/8 in 100 A
microstyragel column (Waters Associates) adapted to the DuPont 830 LC. The
solvent used was tetrahydrofuran (THF). This system has also been used by
Gem mer ci a!.’8

It was imperative that the THF used be as pure as possible, since spurious
peaks were observed when reagent grade solvents were used. THF (Burdick and
Jackson , distilled in glass) was further dried and purified by treatment with lithium
aluminum hydride followed by slow fractional distillation under nitrogen and
used immediately or stored in a well-stoppered flask in the dark.

The results of steric exclusion chromatography are best illustrated by the
chromatograms obtained. FIGURE 3 shows the chromatogram of TTF-TCNQ-

TiF- TCNQ
FROM SOLUTION

-

~~~~~~~~ 

s~~
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I

~
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FlouRs 3. Liquid chromatogram of TTF.TCNQ salt run on a 100 A Styragil column
eluted with tetrahydrofuran.
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TTF TTF

HIGH PURITY IMPURE

xI25 x1 2 8

- 
ELUTION VOLUME (m l) ELUTION VOLUME (ml)

FIGURE 4. Li quid chromato grams of neutral TTF run on a 100 A ,~ Styragel column
V eluted with tetrah ydrofura n . a: Synthesized , recrystallized, x 2 gradient sublimed ; b: second

crop recrystallized from Acetonitrile .

saturated solution in THF. It appears that the complex dissociates into its primary
components, which are completely separated. The relatively low signals obtained
were caused by our limiting injection volume, 10 ~i4. No impurities can be de-

- - 
tected at this concentration. In an attempt to see trace level impurities we studied
the pure components TIE and TCNQ. FIGURE 4 shows chromatograms of two
samples taken from the same preparation of TTF. Sample a) was gradient-
sublimed three times and showed no detectable impurities, whereas sample b) from
the second crop of recrystallized-only material showed significant quantities of

- impurities totalling — 1% on an area basis. (Since a UV detector was used, it ~S V

impossible to calculate t~u~ exact concentration of an impurity unless its extinction
- coefficient at 254 nm is known). These impurities were of higher molecular weight

than h F  but were not characterized further , since they are readily removed by
gradient sublimation to an undetectable level (less than iO~ mole Fr.). The impure
sample of — 1% impurity concentration by area can be compared with the DSC
determined value for recrystallized-only material of 0.2 mole %.

Unfortunately, TTF eluted near the total permeation volume of the cell; hence
molecules smaller than TTF cannot be detected. In fact, this technique can detect

- only impurity molecules that are significantly larger than TTF. This is illustrated
in FIGURE 5, which is a chromatogram of 2,3.dimethyl-TTF (ATTF) on which
the chromatogram of TIF has been superimposed. The overlap is such that it
would be impossible to distinguish the presence of both components in the same

- sample. Note, however, that a small impurity peak of high molecular weight was -

easily distinguishable in AT1’F. This may be a telomeric species formed by partial
polymerization in solution. The sensitivity of this technique is such that im-
purity concentrations less than l0~ mole fraction should be detected, providing

,

~~~~ 

.i4~f they have an extinction coefficient at least equal to that of TIP.
~~~~~ ~). -

V -
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Using the same experimental conditions, it was also possible to study TCNQ,
and a series of chromatograms under different purification conditions are shown in
FIGURE 6. These are a) synthesized and recrystallized first from acetonitrile , then
p-dioxane; b) Eastman , as received; c) synthesized , recrystallized , and twice-
gradient sublimed; and d) synthesized and recrystallized from acetonitrile. In all
samples a small peak eluted near the total permeation volume of the column , in-
dicating an impurity ~~uch smaller than TCNQ. The relative size of this impurity
did not vary greatly for samples a) and C) and was only a factor of 2 larger for the
Eastman sample. It has been suggested that this peak , which was also observed by
Gemmer el a!.,18 was due to acetonitrile as a result of weak complex formation

V with TCNQ. FIGURE 7 shows the chromatograms obtained by injecting two

ATTF
SYNTHESJZED

GRADIENT SUBLIMED ~I28 
— TTF PEAK UNDER, - IDENTICAL CONDITIONS

AL
INJECT -

_________- I - ~~~~~~~~~~~~~~~~ I _~~~~~~_~~~~~~~~~~~~~~ LV 

O 2 4 6 8 10 12 14 V

ELUTION VOLUM E imI )

FIGURE 5. Liquid chromatogram of 2,3-dimethyl-TTF (ATTF) run on a 100 A M Styragel 
- -

column eluted with tctrah ydro furan. -

samples of pure acetonitrile. In addition to calibrating for the total permeation
volume of the column, (— 8.5 m~~) it was observed that even at high - injection
concentration the UV detector response was only on the x I scale and was due not
to UV absorption but to a change in the refractive index of the liquid in the cell.

- Hence acetonitrile cannot cause the small peaks observed in FIGURE 6 a), b), and -

C), and especially not the peak observed in d), which is more likely caused by small
molecule impurities in this sample. The continued presence of this small peak after
purification may be due to column degradation caused by impurities in the THF.
Fiouaa 8 shows a chromatogram of the same material used in FIGURE 6 c), except

- :  
- that the TH F used had previously been cycled through the column and then re-

purified by LiAIH 4 treatment and distillation. The major TCNQ peak has been

- 
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FIGURE 6. Li qu id ch romatograms of TCNQ run on a 100 A ~ Styragel column , a: Syn-
thesized, recrystallized from Acetonitrile and p-Dioxane ; b: Eastman , as received; c: syn-
thesized , recrystallized and x 2 gradient sublimed; d: synthesized and recrystallized from -
Acctonitrile.
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FIGURE 7. Liquid chromatograms of acetonitrik run on a 100 A ,s Sty ragel column

-, : eluted wit h Tet rahydrofura n .
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TCNQ III I
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FIGURE 8. Li quid chromatogram of pure TCNQ run on a 100 A ~ Styrage l column eluted
with imp ure tetrahydr ofuran.
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greatl y reduced in intensity, and three other peaks appeared in the chromatogram.
These effects were due solely to the use of impure solvent. Hence it does not seem V

unreasonable to consider the impurity peak in TCNQ as a solvent-related effect.
In addition , it should be noted that the TCNQ peaks in FIGURE 6 are skewed: This
should not be the case for a pure steric exclusion mechanism which yields sym-
metrical peaks and may be caused by either an additional adsorption mechanism ,
which would increase the retention time , or a continuing degradation on the
column, which would also give a skewed peak. -

In conclusion , we would say that within the acknowledged limits of the steric
exclusion separation techni que the purification of both TTF and TCNQ, which
have been carefull y synthesized, recrystallized , and multi ply gradient-sublimed ,
results in materials whose purity approaches the detection limit of the technique.

GAS CHROMATOGRAPH Y

The usefulness of gas chromatography was impaired by the thermal decom-
position of both TTF and TCNQ. Decomposition of TTF, however , was suffi-

TABLE 6
G. C-. RETENTION TIMES OF TTF AND RELATED MOLECULES *

Retention Time
Molecule (minutes)

CH 3CH (Acetonitrile) 0.5
h F  13.0 -

THTTF (Tetra hydro -TT F) 21.3
ATTF (Dimeth yl-TTF) 23.0
TMTTF (Tetramethy l-TTF) 48.0
TPTTF (Tetrapropy l-TTF) 5.0 (decomposition)
C3 S3 H 2 (I ,3Dithiole-2-Thione) 2.5

Conditions: P.E. 900 gas chromatograph. Dual column 10 ft x 1/ 16 in S. S. containing
10% OV-lOl on 100/ 120 GCQ injector 240 C, column 200C , manifold 230’C injection V

solvent-acetonitrile. He flow rate 40 cc/mm . Flame ionization detector.

cientl y slow that acceptable chromatograms could be obtained. FIGURE 9 shows a
chromatogram of twice gradient-sublimed TTF injected as a solid sample. Onl y
one peak was observed whose asymmetry is believed due to slow thermal decom-
position on the column yielding a more volatile species which clutes more rapidly.
A sample of commercially available TTF gave identical peak shape plus two im-
purity peaks cluting with retention times of —one minute , presumably the re-
crystallization solvent.

The efficiency of the column was checked by comparing the retention times of
TTF with those of other TTF derivatives and synthetic precursors. These are in-
cluded in TABLE 6 in which excellent resolution of all samples examined was
achieved. It appears , thereçore, that any impurity that does not elute with the
same retention time as TTF would be detected in concentration — 1O’~— l O”~ mole
fraction unless it , too, underwent thermal degradation on the column, resulting
in significant broadening of the peak which prevented detection.

_______________________________________
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MiscEllANEous INSTRUMENTAL TECHNIQUES

In addition to the techni ques described , other instrumental anal yses have been
made from which additional information has been obtained. No exhaustive
studies , however , have been carried out.

Anal ysis for metallic impurities in TCNQ was made by standard atomic
absorption spectroscopy. TCNQ was anal yzed for the presence of sodium , using
NaTCNQ as calibration standard. It was concluded that no detectable sodium
was present , i.e., <5 ppm. This has been additionall y confirmed by E .S.R. and
magnetic susceptibility measurements and extended to include all paramagn etic
impurities.

V Analysis for impurities with different half-wave potentials was made by differ-
ential pulse polarograp h y while determining the half-wave potentials of TTF and
TCNQ. In neither case could additional impurity peaks be observed.

Preliminary mass-spectral studies have given no indication of easily detectable
impurities; however , further detailed studies are required.

Finally, in studies of the optical properties of TTF-TCNQ crystals and the
neutral species , no impuri ty effects were observed in hi gh-puri ty crystals .

CONCLUSION

I n general , our instrumental analyses have demonstrated that the TTF-TCNQ
samples do not contain impurities greater than l0-~ - l0~ mole fraction. These
findings corroborate the earl y results from a variety of physical measurements , ’9
that the impuri ty  levels in the TTF-TCNQ samples are low , and support the find-
ing that intr insic properties can be measured in these materials when they are
prepared , purified , and handled in accordance with the procedures previousl y
described .

It has been a general observation that large , well-formed crystals of TTF-
TCNQ are obtained onl y when high-purity donor and acceptor are used and that
small dendritic flbc rs result from impure materials. It is cle~’.r therefore that the
ph ysical perfection of TTF-TCNQ crystals is dependent both on the chemica l
purity of the reactants and the growth conditions.
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DiscussIoN

CHARLES B. DU K E  (Xerox Webster Research Center , Rocheste~r , N. Y.): In a
previous paper you reported hig h-temperature drift mobilities. The classic prob-
1cm for people try ing to make measurements on molecular solids , such as TTF or
TCNQ, is t hat chemical methods of determining purity are j ust insufficicnt to
characterize these materials. Could you comment on purity levels?

McGHIE : We are talking of impurity levels of much less than 100 ppm and ,
with the standard instrumental methods, we have been unable to detect them.

3. KOMMAND E UR (Univ. of Groningen. Groningen, The Netherlands): There may
be a relation betwee n the low-temperature magnetic susceptibility - --  that is , the so-
cal led Curie peak -- - at very low temperature, and the pur ity of your sample.
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CRYSTAL PERFECTION AND
THE PHYSICAL PROPERTIE S OF TTF~TCNQ*

Lawrence B. Coleman
Department of Physics

University of California, Davis
Davis, California 95616

The temperature dependence and absolute value of the dc conductivity of tetra-
thiofulvalene tetracyanoquinodimethan (TTF-TCNQ) have been the most ex-
haustively studied properties of this compound. They have also been the most con-
troversial , because of the wide range of results reported by the m any research
groups active in the field. This controversy sprung from two sources of experi-
mental uncertainty. The first , which is the subject of this presentation , is the van-
able level of crystal perfection from sample to sample (and laboratory to labora- - -

tory). The second problem is the well-known difficul ty inherent in measuring the
con ductivity of h ighl y anisotropic materials. Discussed at length in the litera-
tu re,1 5  the problem will not be discussed here .t

The central question is, what is the intrinsic dc conductivity of TTF-TCNQ?
Room-temperature conductivities have been measured between 100 and 1000
(~2-cm) ’, and the spread in the temperature dependence of the conductivity is
demonstrated in FIGURES 1 and 2. We maintain that this varied behavior is due to —

widel y different levels of crystal perfection (both chemical and structural) from
: sample to sample. Because the perfect crystal of TTF-TCNQ has yet to be pro-

duced, we must determine the intrinsic conductivity by first exploring the effects
of imperfection and then using this information to extract the conductivity f rom
the measured values.

To accomplish this , a two-pronged attack was launched. First , an effort was
made to produce hig her quality samples, both chemicall y (this effort is reported on
in the previous talk 6 ) and physically by an investigation c-f the crystallization of
TTF-TCNQ, which led to a model of the crystal growth and the production of
larger and more perfect single crystals. Secondly, conductivity studies using sam-
pIes of various levels of macroscopic crystal perfection and purity were made, to
elucidate their effects on the conductivity .

CRYSTAL-GROWTH MODEL

Presented in this section is a model of the growth of TTF-TCNQ crystals. Al- V

thoug h it is not a microscopic theory on the molecular level ,7 it has proved useful

lhis work was done with the financ ial support of the National Science Found at ion ,
Laboratory for Research on the Structure of Matter. Manuscript received June 13 , $977.

tlhe data presented here are the-result of carefu l measurements , made with full knowl-
edge of the problems of the anisotropic conductor; they are believed to be the intrinsic
conductivity of the individual samples.
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in several ways. First , it has enabled us to diagnose fairl y accuratel y the causes of
unsatisfactory crystal growth procedures (e.g. nucleated too fast , too hig h , or too
low concentration s , cooled too fast or too slowl y, etc.), and second , the model is
a framework from which one can assess the various macroscop ic crystal imperfec-
tions and thereb y take action to eliminate them by proper l y adjusting the environ-

— I 1 I I I
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2 2 —  
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1 6 —  —
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FIGuRE 2. Normalized four probe b-axis dc conducti vity of TTF-TCNQ (4 different sam-
ples). V

mental conditions of the growth. This program is responsible for the establishment
of the currentl y used growth procedures.

The growth of crystals is controlled by the environmental conditions in the
mother liquor. TTF-TCNQ crystals are grown by a combination 91 solution diffu-

._

; sion and slow cooling; the exact procedure is described elsewttere.~’8 In this pro-

-~~~~~~~~~~ — - — - - V~~ -- 
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cedure , both the temperature of the solution and the concentration of the solute
are time dependent. In addition , the concentration of the two components , TTF
and TCNQ, are spatially dependent. Therefore , at the center of the diffusion
apparatus , the concentration is increasing while the temperature is decreasing. It
is unlikely that the diffusion rates for the two molecules are equal; therefore , we
expect that the init ial  nucleation will not occur in the center of the apparatus or in
an equal concentration of TTF and TCNQ molecules. In fact , the location of the
first crystals to appea r varies , depending on the manner in which the experiment
is prepared and subsequent ly handled. The dynamic situation that exists in the
crystal-growing apparatus is thus comp letely di fferent from that in the usual
methods described in the literature for growing large sing le crystals , where the
temperature and concentration are held as constant as possible. As a result , the
crystal growth process in TTF-TCNQ is not expected to be a steady, uniform
growth of crystals.

The crystal-growth model was produced by examining (reflectance and trans-
mission optical microscopy, and scanning electron microscopy) large numbers of
crystals fro m many different growth procedures , includi ng several that were V

aborted early, or were undersaturated so as to reproduce the conditions at the
earl y stages of growth. In addition , through close cooperation with P. J. Nigrey
(who was responsible for the preparation and maintenance of the crystal-growing
experiments), new preparations were examined and notes made of the init ial  con-
ditions and life history of the mother liquor; hence , growth peculiarities and the
level of crystalline perfection could be correlated with the growth parameters. This
procedure resulted in the ability to diagnose problems in the crystal-growing
method fro m an examination of the products.

Several empirical findings were produced in this manner.  The relative growth
rates of the (100) and (0 10) faces are concentration dependent. In supersaturated
solutions , the growth rate in the b direction is faster than that in the a direction ,
whereas in less concentrated solutions the opposite is true. This observation is the
key to the crystal growth model as presented below , and exp lains the creation of
the transverse habit in low-concentration solution or vapor-growth procedures . In
addition , it was found that the most perfect crystals in a given batch were pro-
duced in close proximity to the TCNQ flask of the diffusion apparatu s. Several
possible explanations of this behavior can be proposed. The TCNQ may be acting
as a “counter impurity ” to negate the effects of an impuri ty in the solution; or , in
a TCNQ-rich solution the amount  of ionized TTF may be greater , leading to more

• perfect growth (this following the results of Chaudhari , el a!.9 ) ; or, the TCNQ
may be acting as a poison , being absorbed on the faces and slowing crystal
growth down sufficiently for more orderly growth to take place. An attempt was
made to improve the overall perfection of the crystal growth by increasing the con-
centration of the TCNQ solution; however , no significant or observable general
increase in crystal perfection was seen.

A flow-chart of the growth of a TTF-TCNQ crystal is displayed in FIGU RE 3.
While the intricacies of nucleation remain a mystery, the visual evidence m di-

cates that the neonatal crystallite is a needle-shaped object , elong ated b. At th is
stage of the diffusion process the concentration of solutes is still small ; therefore ,
growth is primarily in the a direction. If the concentration remains low , the growth
will continue primarily along a. This accelerating growth in the a direction results
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FIG uRE 3. Flow diagram of crystal growth process in TTF-TCNQ, for perfect crystal
growth .

in the formation of approximately hexagonal-shaped crystals (see FIGuRE 4). If
the concentration remains small , the growth will continue primarily along a; the
hexagonal shape will become elongated along a, resulting in the creation of a
transverse habit crystal. if , however, as usually occurs, the concentration steadily

V 

; increases, the growth rate along b will accelerate, the hexagonal shape will then
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elongate in the b direction , and the normal habit will result. Growth along the c
direction appears to be slow (compared to that along b and a)  and uniform , in-
creasing the crystal thickness to the final value.

Conditions , however , are rarel y perfect , and as a result , neither are the crystals.

V . .

~~~~~ 
•
~~ 

.-~ :

FIGuRE 4. Transmission microphotograph of TT F.TCNQ single crystals in early stages of
growth. x 430.
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Fluctuations or rapid changes in temperature or concentration , along with im-
purities , will  cause modifications of this growth process. Many  of these modifica- V

tions are catastrophic and produce grossly defective crystals or crystals with a
variety of growth abnormalities .  (Examples of such pathological cases are dis-
cussed elsewhere. 5 ) Fortunatel y, the growth of the majority of carefully grown
crystals deviates onl y slig htly from the scheme described in the previous section.

In most cases, the nucleation process does not result in the creation of a perfect
seed crystal. Photograp hs of several crystals early in the growth process are shown
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FI GuRE 5. Reflection and transmission microphotograph s of a single crystal of TTF-
TCNQ demonstrating a high level of sur face perfection , with la rge-scale interior defects.
x 3NO.
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V 

FIGURE 6. Transmission microp hotograph of TTF-TCNQ neonatal crystallite, showing
com mon defect. x 480.

in FIGURE 4. As can be seen , although the growth in the a direction has resulted
in almost perfect reg ions in the crystal , a clearl y defined band of imperfection
exists in the center of the crystallite , with the boundaries of the band parallel
to the b axis. These areas of gross imperfection appear in the exact center of the
crystal , and are the result of too rapid an init ial  nucleation and growth caused
by either too high an initial concentration or too rap id a cooling rate. Since rapid
growth along the b axis occurs on nucleation and during higher concentration
situations , this portion of the crystal is more likel y to be defected, as opposed to
low-concentration growth along the a axis (recalling that more rerfect growth will

V usually occur in lower concentrations). When crystals are nucleated slowly, :i,’d
with no interference , the amount of macroscopic imperfection is minimal.

This tendency for the center of a crystal to be hig hly defected while the surface
may appear of high quality complicates the sample-selection process by demand-
ing transmission microscopic examination. F GURE 5 is a grap hic examp le of the
Situation. -

Another deviation from perfect growth , while easil y observed , is not totally
understood. The early manifestation of this growth modification is shown in FIG-
URE 6. W hat is seen is a series of roughly hexagonal crystallites growing from t he
central “nucleation needle,” this as opposed to the entire needle taki ng on a hex a-

V gon al shape as growt h along a accelerates . Several plausible arguments regarding
the cause of the segmented growth can be made. The adsorption or entrapment of
an ‘inert ” particle could cause a cessation of growth at a point on the needle, as
could a dislocation or other imperfection. Another possibility is th e ex istence of
large concentration gradients along the needle. Whatever the cause, t h is deviati on
is extremely common and residual macrostructure resulting from such growth is
seen in almost every crystal examined. FIGURE 7 schematically descri bes the
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evolution of such a segmented crystal , and FIGURE 8 demonstrates this process as
it occurs during crystal growth. The triangular indentation along the (100) edges
are an artifact of this growth and are seen on crystals of varying levels of perfec-

- tion , including some of the most perfect.
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U

FIGURE 8. Transmission microp hotograp h of TTF-TCNQ single crystal during growth
process. x 310.

g

Other crystal-growth abnormalities include profuse twinning and layering
(along c ) .

The laboratory-to-laboratory universality (or geographic independence) of this
model was checked by examining crystals of TTF-TCNQ from other laboratories.
A large number of crystals were examined during a visit to the Thomas J. Watson
Research Center of the IBM Corporation , and several cr~’stals , kindly supplied by
the group at Johns H .pkin s  University, Baltimore , Md., were also examined; in
both cases, the crystals showed the artifacts of the model.

CRYSTAL PERFECTION AND THE b-AXIS CONDUCTIVITY

The transmission microphotographs of three crystals of increasing macro-
scopic crystalline perfection in FIGURE 9 demonstrate the range of crystal quality
one is likel y to obtain from “naked eye” selection of samples. It is not surprising, V

therefo re, that the dc conductivity i n FIGURES I and 2 va ry over such a wide
range. V

The evolution of J b (TM) / a b ( R T)  and TM (the temperature at which the
conductivity maximum occurs) reported in the literature over the past three years
is a further indication of the relationship between samp le perfection and u1( T) . 3

~
5 -

From a careful study of the macroscopic crystal perfection , it was found pos-
sible to routinely select samples whose normalized b-axis conductivity would cx-
cccd IS. It is not possible to predict whether or not a crystal of the level of perfec-
tion shown in FIGURE 9c would show a measured conductivity maximum greater

V -‘
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I

Fu.URE 9. Transmiss ion microp hoiograph s of si ng le crystals of vary ing levels of perfec-
tio n. a: crystal selected at random ; b: crystal selected carefull y by “n aked eye”; c: crystal
selected by trans mission microscopy. This crystal is of the hi ghest level of crystalline per .
fection seen. a and b, x 240; c, x 670. 

V

th an 100 , but the conductivity maximum of such a crystal would (if carefully
ha ndled and mounted) most likely exceed 20. However , crystals with such hi gh
levels of imperfection as seen in FIGURES 9a and 9b would certainl y display con-
ductivity maxima between 3 and 10. As a result , while condu cti vity maxima vary-
ing i n magnitude from 3 to 180 times the room-temperature value have been

— seen , with carefu l selection and handling of samples , the majority will show con-
ducti vity maxima between 15 and 25 times the room-temperature value .

V V~~ V V~~~~~ -V -~~
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A variety of experiments were carried out in order to discover how the level
of crystal perfection affects the room-temperature conductivity, conductivity

V 
ma x im um , and overall temperature dependence above the metal-semiconductor
transition. (With the discovery of nonohmic effects at low temperatures,10 the
effects of impurities on the low-temperature conductivity are complicated and will
not be discussed here). Some of the experiments carried out were as follows.

I . A series of impure samples was prepared and ab ( T )  studied.
2. Single crystal samples with up to si x poten ti a l con tacts were produced for

the study of the variation of o~( T )  over a single sample.
3. Samples were repeatedly thermally cycled so that the effects of added

strains and flaws could be studied.
4. Samples were mounte d, studied , and the n exposed to laboratory air for

long periods of time; then Ub ( T )  was remeasured .
5. Several annealing experiments were attempted. V

The effects of nonspecific chemical impurities on o t, (T) were studied by pro-
ducing a series of samp les of vary ing impurity level. Sing le crystals of

V (TTF)(TCNQ) were grown outside the normall y used argon-filled glove box , using
a variety of starting materials , including only once gradiently sublimed TTF and
TCNQ, onl y once recrystallized Eastman TCNQ, TTF which showed an inferior
analysis , nonpurified solvents , and solvents to which a small amount of water
had been added. These purposel y impure samp les exhibited normalized conduc-
tivities with maxima rang ing from 5.5 to 13.

More important , however , is the relatio nshi p between the location of the con-
ductivity maxima (TM) and the purity of the sample. We have found that in the
purest samples, TM — 57—59 K. While it has been observed that in samples wit h
small values of ab(TM) / o i, (RT), TM is of order 60—62 , in impure samples
values of TM as high as 70 K have been observed. Gemmer et a!) ’ also report an in-
crease in TM in their experiments involving the addition of small amounts of NaCI
to the crystalli zation solution.

An increase in the valu e of TM is also seen when small amount s of TTF and
TCNQ derivatives are added , for mi ng solid solutions. The addition of 3% TSeF to
(TTF)(TCNQ) results in TM — 60—64 K IS and the addition of a small amount
(less than l0~/~) of TCNQF4 to (TTF)(TCNQ) raises TM to 80 K.~

In order to separate the effects of impurity from those caused by imperfection ,
sample aging studies were performed. In these experiments , single-crystal samples
were mounted in the four-probe configuration and Cr b(T) measured . Upon return
to room temperature , values were remeasured and the samples were removed from
the cryostat and stored in the laboratory air for periods up to several weeks. After
48 days in laboratory air , one sample showed no appreciable decrease in ~~(RT) ; $ V

however , the val ue of TM had increased 3 K  (from 59 to 62 K). In samples where
a~(T ~ ) /~b ( R T ) was initially above IS , decay of the peak value was also seen.

Repeated thermal cycling of a sample mounted for four-probe conductivity
measurement adds stress- and strain-created imperfections while leaving the chem-
ical purity constant. The results of a typical experiment are shown in FIGURES 10
and I I .  The increased level of imperfections resulted in a precipitous drop in the
room-temperature conductivity and maximum conduct ivity, as well as a shift of

- - TM from 58 to 130 K.
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FIGURE 10. Cycling experiment showing degradation of the conductivity maximum:
— . — .  — first cycle; — 0 — 0 — 0 — fourt h cycle; + — + — + — sixth cycle; — o — o — o -~

eighth cycle; — — — — — polycrysta lline compaction data.

V Recentl y, more qualitative studies have been completed’2 with use of 8 MeY
deuterons to create defects in sing le crystals of TTF-TCNQ. The results of this
controlled addition of imperfections are in agreement with the earlier studies. A
dose of radiation which created an estimated defect level of 1000 ppm (0.1%)
halved the room-temperature conductivity and increased TM from 58 to 68 K.

In all the experiments, the 53 K transition was broadened with increasing
- 

V~ imperfection level.* -

Attaching multip le pairs of voltage contacts to a single crystal allowed for
sampling of ob (T) over different regions of the crystal. The spread in room-
temperature conductivities (usually near 20%) is indicative of the measurement

V errors;’ the spread in normalized peak conductivity (usually between 5% and l0%)
- 

indicates the reliability of the measurement and the uniformity of the sample.

— 
- 

— - 
tA detailed report of the effects of imperfection on the phase transitions in TTF-TCNQ

can be found in Reference 13.
;~: tV; V~ 
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Annealing of samples by heati ng in an inert atmosphere for eight to ten hours
had no observable effect on the conductivity.
To summarize our findings:

I . Chemical impurities and physical defects appear to have the same effects
on the conductivity.

2. The temperature at which the conductivity maximum , TM, occurs is a sen-
sitive measure of the level of imperfection , increasing by a few degrees with
small amounts of impurities to as much as 130 K for a large density of de-
fects.

V 3. The room-temperature conductivity and the maximum conductivity are
sensitive to the level of crystal perfection , with onl y the purest , most
physically perfect samples having a conductivity maximum over 25.

To date, analysis of the role of imperfections on the conductivity (or resistivity)
has followed the example of metals , fitting the resistivity data to a power law of
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the form

p ( T )  Po + p 1 TA

where Po is the residual resistance and is expected to contain all the effects of
crystalli ne imperfection. TTF-TCNQ, however , is not simply metallic , and the col-
lective behavior as well as the hi gh anisotropy must be taken into account.

From a simple view, the high anisotropy could be seen as adding small
amounts of u0 and o~ to the measured b-axis conductivity whenever an imperfec-
tion blocked conduction along a chain. Computer simulations using a variety of
temperat u re dependences for the imperfection contribution to ub (T) were carried
out ,5 an d it was fou n d possible to exactl y mimic actual data including the increase
in TM with increased imperfection level . However , such computational exercises
are probably misleading and do not supp ly any insi ght into the microscopic pro-
cesses that produce the high conductivity.

The lowering of the peak conductivity and shift of TM to hi gher temperature
can be understood in terms of the collective nature of the charge-density wave
(CDW) mechanism. Pinning of the CDW to defects and impurities has been shown

V to increase with the increase in coherence length of the CDW .’4 Such pinning
would cause a lowering and rounding off of the peak along with a higher value
for TM ,  as is seen. Above 140K, where the majority of data agree quite well, the
coherence length of the CDW is short ,’5 and therefore pinning by defects is not
expected to be as effective. -

Further studies of the microwave dielectric constant and conductivity, far
infrared conductivity, and diffuse x-ray structure of irradiated samples are planned
at the University of Pennsylvania to provide more insight into the effects of imper-
fections on the transport properties and the CDW state in TTF-TCNQ.

As to what is the intrinsic maximum conductivity of TTF-TCNQ, we can
estimate this using the oscillator strength of the CDW found from the far infrared
studies ”6 and the value of the microwave conductivity. ’7 From these data, we can
set an upper limit of 10’ (s-cm) ’ for the peak conductivity of TTF-TCNQ. This

- suggests that the largest conductivity shown in FIGURE 1 is indeed close to the
intrinsic conductivity of TTF-TCNQ. ‘.
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DiscUssioN V

CHARLES 8. DUKE: Would you indicate the evidence for spli tting the con-
duc tivi ty between charge-density wave and single-particle contri I~ution.

ALAN HEEGER: We really do not know . If you look at the conductivity in the
far lR , the conductivity in the range from 20 to $00 cm 1 is abou t 50—100
ohm ’cm ’. This provides an estimate of the single-particle contribut ion. There
are ideas around for some low-frequency increase in G(w) due to phonon-assisted
hopp ing, and so on, so the si ngle particle contribution could be slightl y larger. But
I think that it is very difficult to understand the dc conductivity and IR data unless
most of the dc conductivity in the vicinity of the peak is collective. At room tem-
perature the two contributions might be comparable.

DUKE: The important experiment that convinces you that it is charge-density
V waves is that when you compare the ac to the dc conductivity , you notice that as

4 you get close to this peak in the conductivity in temperature , that difference di-
verges and you find no other way to explain that difference other than by this

~~ 
charge-density wave hypothesis.
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HEEGER:  Yes; also , there is a structura l aspect. The coherence length in the
diffuse x-ray studies show that the conductivity is proportional to the growth of
coherence and a single-particle contribution should go just the other way.

AARON BLOCH (Johns Hop kins Univ., Baltimore, Md.): The resistivity can be
decomposed crudely into a constant term which is sample dependent pl us anothe r
term or series of terms with a power function of temperature, Ta, with a being
a constant. As one dopes or puts in defects and controlled disorder , does this kind
of fit persist? And what maximum conductivity would it alone predict as thet intrinsic maximum?

COLEMAN: Yes, one can produce fits to the resistivity data that , by including a
temperature-dependent impurity/defect resistivity, do follow the rise in TM and
decrease in maximum conductivity with increased imperfection level (see text and
Ref .  5). Such fits do predict maximum conductivities as hi gh as $0’ (~Z-cm) ’;
however , these exercises do no t supply any addi tional insi gh t in to the physical
processes involved , and I hestitate to put much stock in them.

I

I

-
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STRUCTURAL RELATIONSHIPS IN THE
HETEROFULVALENE-TCNQ FAMILY OF

ORGANIC CONDUCTORS*

Thomas J. Kistenmacher
Depa rtment of Chemistry

The Johns Hop kins University
Baltimore, Maryland 21218

INTRoDUcTIoN

The synthesis and structural and electronic properties of organic charge-transfer
salts have been the subject of numerous investigations over the past few years. In
this laboratory, we set out some time ago to study the structural systematics of
such compounds , particularl y with regard to derivatives and analogs of the charge-

V transfer salt formed from TIE (2 ,2’-bis- l ,3-dithiole) and TCNQ (7 ,7,8,8-tetra-
cyanoquinodimethane). Such charge-transfer salts have been classified as quasi-
one-dimensional organic conductors. This generic classification itself deserves
some attention. First , the compounds are taken as organic in that they contain
only the common , nonmetallic elements C, N , H , S, and Se, arranged into hetero-
cyclic ring systems (FIGURE I); one of the heterocyclic ring systems functions as a
donor and one as an acceptor in an electronic charge-transfer process . Second , the
materials are known as quasi-one-dimensional because they have been found to
exist in the solid as linear , homogeneous columnar stacks of donor and acceptor
molecules. These linear arrays dominate the physica l properties of such systems,
leading to a highly anisotropic response to external stimuli. The fact, however,
that such cationic and anionic chains can be “cocrystallized” into a common
three-dimensional lattice causes them to be classified as only quasi-one-dimen-
sional. Lastly, it is commonly observed that the conductivity along the direction of
propagation of the linear cationic and anionic chains is substantial , nominally ~~~~ 

, V

the order of several hundred ~~ -, cm 1 at room temperature.
Historicall y, there are several unusual and interesting antecedents to the sub-

set of materials we will discuss here. For our purposes, however, we will presume
that a significant advancement was rendered by the synthesis of what is a most un-
usual organic conductor , TTF-TCNQ. ’ One of the most important aspects of thi s
material is that both the donor molecule TTF and the acceptor molecule TCNQ V

are capable of being chemically modified to produce analogs and derivatives that
can be systematically and thoroughly studied.

I t was with TTF-TCNQ that our structural studies were initiated in 1973. Since
that time, we have determined the structural properties of several systems, mainly
relying on chemical modification of the TTF molecule. We believe that our studies
have laid the groundwork for some general structural relationships that aid in the

Rcsearch supported by the Petroleum Research Fund , administered by the America n
Chemical Society, the National Science Foundation , and the Advanced Research Projects
Agency. Manuacript received May 23, $977.
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FIGURE I .  Illustrations of the molecular structures for the neutral donor molecules
TTF [2 ,2’-bis- 1 ,3-dithiole l, TMT TF [4 ,4’,5,5’-tetramethy l-2 ,2’-bis- $ ,3-dithiole l, TM TSF
(4,4’,5,5’-tetramethyl-2 ,2’bis- I ,3-diselcnolej , H MTSF L2 ,2’-bis(4 ,5-t r imet h y lene). $ ,3-disele-
fold and the neutral acceptor molecules TCNQ(7 ,7,8,8-tet racyano-p-quinodimethane~ and
TNAP( (1 ,1 1,12 ,1 2-tetracyanonaphtho-2 ,6-qu inodimcthanej . -

classification and the determination of the underly ing requirements for high con-
ductivity in this class of materials. The common features of these organic salts are
as follows: (I) the existence of uniform, separa te stacks of cations and anions ,

V (2) and a significant degree of molecular overlap within the cationic and anionic 
V

stacks. The differentiation among structures lies primarily in the mode of inter-
chain interactions in the solid state. 

V

It is with these thoughts in mind that we will proceed to review and correlate
the accumulated crystallographic information. V

MATERIA LS

Illustrations of the neutral donor and acceptor molecules we have employed V

are presented in FIGURE 1. Most of the derivatives are formed , in principle , by the
replacement of the exocyclic protons on TTF by methyl groups or, as in HMTSF,
by a ring-forming trimethylene bridge. In all cases it is possible to prepare both the
thiofulvalene(S) as well as the selenafulvalene(Se) compounds. It should be noted
that all of the ma terials discussed here were prepared in the laboratory of Professor
D. 0. Cowan , unless otherwise noted. Suitable references can be found in any

V

~ number of places, including Professor Cowan’s paper in these transactions.2 We
V - ~ will employ, throughout the rest of this paper , the molecular terminology given in

FIGURE ).
~~~~~~~~~~

-I. $~~~~— - - — V V ~V V
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CRYSTALLOG RAPHIC PARAMETERS

Important crystallograp hic parameters for some quasi-one-dimensional ,
heterofulvalene salts are collected in TABLE 1. This table covers only materials
studied in this laboratory. First , it is clear that in each case there is a fundamental
crystallographic cell constant that is on the order of 3.8—3.9 A. In all cases, this
crystallographic axis (or its reciprocal space analog) parallels the direction of
propagation of the linear arrays of cationic and anionic constituents and the di-
rection of high conductivity. An interesting parameter to note is the normalized
unit-cell volume defined by the ratio of the unit-cell volume(V) to the number of

V formula units per unit cell(Z). This parameter ranges from a minimum of 420A3
for TTF-TCNQ, which contains the smallest cationic and anionic components, to
a maximum for HMTSF-TNAP , 607A,3 which contains the largest molecular
constituents. The implication is that the volume per asymmetric unit is basically
determined by the size of the molecular constituents; however , there is no clear
relationship between the normalized unit-cell volume and the degree of interchain
coupling which is electronicall y significant.

RESULTS

We will now describe some of the more important structural aspects of some
heterofulvalene charge-transfer salts.

Thiofulvalene Systems

TTF- TCNQ. The crystal struct ure of TTF-TCNQ is dominated by homologous
stacks of cations and anions parallel to the crystallographic b axis of a mono-
clinic cell. 3 A packing view down fOlO J is presented in FiGURE 2A. The normal to
the TTF molecular çlr~ne is tilted 24.Y with respect to the b axas. The stacking
mode in the TTF columns is illustrated in FIGURE 3C; the mean distance between
molecular planes is 3.47 A. This observed stacking distance is some 0.15 A less
than has been determined for neutral TTF,’ where a similar but less symmetric *

TABLE I
SOME CRYSTALLOGRAPHIC PARAMETERS IN QUASI-ONE-DIMENSIONAL

ORGANIC CONDUCTORS

Crysta l Space Stacking Axis Unit-Cell3 V

- - 
- Structure System Group Z’ Length (1) Volume (A

TTF.TCNQ Monoclinic P2 ,/c 2 3.819(2) 839.9
TMTTF-TCNQ Monoclinic P2/c 2 3.850(l) 1061.6

V 
. TMTSF -TCNQ Triclinic PT I 3.883(l) 544.0

HMTSF -TNAP Triclinic Pt I 3.919(2) 606.6
HMTSF -TCNQ Monoclinic C2/m 2 3.890(1) 1075.9

- - 
• ,~ ~ — number of rormula units per unit cell.

~~~~~~~~~~~~ 
~~
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FIGURE 2. A comparison of the crystal structures of TTF-TCNQ(A) and TMTTF-

TCNQ(B).

molecular overlap is found (FIGURE 3A). The tilt of the TCNQ molecular plane
with respect to the b axis is 34.0 and opposite in direction to the tilt of the TTF
cation , yielding an in terleaving herringbone packing of the molecular components.
The TCNQ interplanar stacking distance at 3.17 A is still the shortest mean sepa-

- ration observed for such a columnar arrangement of TCNQ actions and is 0.28 A

, .
~~~ 

.. 

p
V - -~ - :  FIGURE 3. Mokcular overlap drawinp: (A) ~~F , (0) TCNQ , (C) ~~~~F in ~~F-TCNQ,

(D) TCNQ In TrF TCNQ, (B) TMTI F in TMTIF TCNQ, (F) TCNQ in TMTI F TCNQ
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less than in neutral TCNQ.5 The molecular overlap of the TCNQ anions in TTF-
TCNQ (FIGURE 3D) is substantially different than has been found in TCNQ’
(FIGURE 38).

The principa l interchain contacts along the a axis involve the S atoms of T1’F
and the N atoms of TCNQ (TABLE 2). Both of these S. - . N contacts are con-
siderably less than the sum of their van der Waals radii6 (TABLE 2). There is a sub-
stantial electrostatic component to these S- . - .  N interactions. The interchain
coupling along the c axis is probably weaker than along the a axis; however , it is
expected (FIGURE 2A) that there is significant electrostatic coupling along this
axis, also. It has been determined by various means 7 that the degree of charge
transfer in TTF-TCNQ is about 0.5 e.

TABLE 2
ELECTRONICALLY SIGNIFICANT INTERCHAIN CONTACTS IN

QUASI-ONE-DIMENSIONAL ORGANIC CONDUCTORS

van der Waals
Structure Contact Distance (A) N* Distance (A) Figure

TTF-TCNQ S(2)- .. N(l)’ 3.20 2 3.35 2A
S(l)... N( 2)b 3.25 2 3.35 2A
N(I). . * C(4)c 3.28 2 3.10 2AN (l ) . . . C(5)c 3.29 2 3.10 2A

TMTTF-TCNQ S(2) ..- N(2)d 3.45 2 3.35 20
S(l) .. . S(l)c 3.66 2 3.70 2B

TMTSF -TCNQ Se(2) ... N(2)1 3.36 2 3.50 4A
Se(I) ... Se(l)5 3.98 2 4.00 4A
Se(l) .~ . ~~( 1) h 4.04 2 4.00 4A

HMT SF-TNAP S o( l ) ’ , .  N ( l )~ 3.05 2 3.50 48
Se(2) ... Se(2) ’ 3.77 2 4.00 48

HMTSF-TCNQ Se... N 1 3.16 4 3.50 6

‘N — number of contacts per molecule. 
—

Symmetry transforms: ’x , — l  + y, z; b — l  + x , — l + y, z; C l — x, l/2 + y, 1/2 —

—y , —1/2 + z; ’—x ,y, 1/2 — z; 1x ,y, z; s—x , — I  —y , —z; hI — x, — I  — y, —z; ‘— I  —x ,
—y , —z .

It is known that the Se analog TSF-TCNQ is isostructural’ with T1’F-TCNQ.
TM17F-TCNQ. In the structure of TMTTF-TCNQ, the longitudinal axes of

both the cations and anions lie in the (101) plane (FIGuRE 28).’ The molecular
overlap in the cationic column is illustrated in FIGURE 3E. As in TTF-TCNQ, the
stacking is nominally of the ring double bond type.” The mean stacking distance
is 3.53 A and is measurably longer than the separation ot ‘I’IF planes, 3.47 A, in
TTF-TCNQ. The increased stacking distance is primarily due to the addition of
the bulky methyl substituenhs to the thiofulvalene framework , although there may
be some contribution from a different degree of charge transfer and packing if-
fects. The molecular overlap in the TCNQ columns is shown in Fiouai 3F and is

‘- essentially identica l to that found for the TCNQ columns in TTF-TCNQ. There
is, however, a noticeable difference in the mean stacking distances 3 17 A in TTF-

-

~~~
- V
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TCNQ vs. 3.27 in TMTTF-TCNQ. This result cannot be as simply related to
chemical modification as in the cation column.9 V

As is indicated in FIGURE 2B and TABLE 2, the interchain interactions are sub- V

stantially weaker in TMTTF-TCNQ relative to TTF-TCNQ. The rotation of the
stacks to accommodate the meth yl substituents on the cationic column completely
alters the interchain coupling mode (compare FIGURES 2A and 2B). The strong
S- N contacts in TTF-TCNQ of 3.20 and 3.25 A have been replaced by one
moderate S . - N contact of 3.45 A (TABLE 2). Some compensation may be gained
by a S - - - ~ S contact of 3.66 A. The apparent weakness of the interchain coupling
in TMTTF-TCNQ has led us to suggest that it may be the most ~one-dimen-
sional” of this family of organic charge-transfer salts.9

Selenaful valene Systems

TMTSF-TCNQ. TMTSF-TCNQ, like its sulfu r analog and TTF-TCNQ, con-
taj ns homologous columns of cations and anions FIGURE 4A.~ The molecular

V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i

l
l :1

FIGURE 4. A comparison of the crystal structures of TMTSF -TCNQ (A) and HMTSF-
TNAP(B).
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FIGURE 5. Molecular overlap drawings: (A) TMTSF in TMTSF-TCNQ; (B)-TCNQ in
TMTSF-TCNQ, (C) HMTSF in 1IMTSF.TCNQ, (D) TCNQ in HMTSF-TCNQ. (E)
HMTSF in HMTSF-TNAP, (F) TNAP in HMTSF-TNAP.

overlaps within these columns are illustrated in FIGURES 5A and SB. The inter-
V planar spacing in the cationic column at 3.59 A is the largest encountered thus far ,

being 0.12 A longer than in TTF-TCNQ and 0.06 A longer than in TMTTF-
TCNQ. The interplanar spacing in the TCNQ column , 3.26 A, is longer than in
TTF -TCNQ, 3.17 A, but comparabk to the 3.27 A separation found in TMTTF-
TCNQ. Again , these elongated stacking distances are very likely a consequence of
the derivatization of the cationic column, the degree of charge transfer, and the
mode of interchain coupling.

TMTSF-TCNQ contains one Se.- .  N contact that is analogous to the S. .. N
contact in TMTTF-TCNQ; however , in TMTSF-TCNQ, the Se~ • - N contact is
shorter than the van der Waals contact distance by about 0.14 A, indicating a
significant coupling via this contact (TABLE 2). The cationic columns are coupled
by Sc.- - Sc contacts (like the S. . . S contact in TMTSF-TCNQ) which approach
the expected van der Waals distance (TABLE 2). It is likely, considering the collec-
tion of contacts given above, that the interchain coupling in TMTSF-TCNQ is
considerably stronger than in TMTTF-TCNQ and on the same order of magnitude
as UF-TCNQ.

We have also noted~ that the relative simplicity of the TMTSF-TCNQ struc-
ture (there is only one cation-anion pair per unit cell; TABLE I) may be responsible
for the occurrence of only a single metal-insulator phase transition in place of the
multi ple phase transitions in TTF.TCNQ.I2

~~~~ ~~~~ HMTSF-TNAP. Very recently, we 13 determined the structure of a new charge-

‘ H- V 
- - ~~~~~~~~~ 

-

- --



— 

~ 1

340 Annals New York Academy of Sciences

transfer salt formed from HMTSF and TN AP, an acceptor similar to but less sym-
metric than TCNQ FIGURE I . The structure of HMTSF-TNAP is strikingly remi-
niscent of TMTSF-TCNQ, and we compare the two structures in FIGURE 4. Like
TMTSF-TCNQ, there is a strong Se. . - N contact between cationic and anionic
columns; in HMTSF-TNAP , however, the observed contact distance of 3.05 A is
about 0.3 A shorter than the comparable contact in TMTSF-TCNQ. Similarly, the

~~~~~~~~~ 

Fiouaa 6. The crystal structure
of HMTSF -TCNQ.

I 
~~~~ 

~~~~~~~~~~~~

Sc * - - Sc contact in HMTSF-TNAP is about 0.25 A shorter than in TMTSF-
TCNQ (TABLE 2). Both of these results suggest that the interchain coupling in
HMTSF-TNAP is substantially stronger than in TMTSF-TCNQ, and for that
matter, stronger than any of the other salts we have studied .

The intracolumn stacking modes (FIGURES SE and SF), are now recognized as

- 
- 

typical. The interp lanar spacings, 3.58 A in the cation column and 3.28 A in the

- -~~~~~~~~~~~~~~ 
-
- 
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anion column , are also reasonably standard. The cationic spacing is somewhat
long, since the HMTSF molecule is less planar than TTF and the methy lated-TTF

j derivatives. ’3
H M T S F -TCNQ. The structure of HMTSF-TCNQ’4 is illustrated in FIGURE 6.

Like all the structures we have discussed, HMTSF-TCNQ contains homologous
stacks of cations and anions , with molecular overlaps (FIGURES SC and SD) and
molecular stacking distances, 3.6 for the cations and 3.2A for the anions , which
are consistent with the degree of planarity of the cation and the normal mode of
stacking of the anion. -

The i n terchai n coup ling, however , resembles none of those we have discussed
above. As can be seen in FIGURE 6, there are strong Sc- * . N contacts at 3.16 A that
secure the structure along the b axis. Along the a axis, however, there are only
dispersive interactions. Indeed, the coupling is so weak along the a axis, that
stacking faults are a serious problem, and only about 80% of the unit cells are
aligned as shown in FIGuRE 6. Thus, HMTSF-TCNQ appears to be the most “two-
dimensional” conductor of the quasi-one-dimensional organic salts. The degree of
charge transfer in HMTSF-TCNQ~ has been determined by diffuse x-ray scatter-
ing to be approximatel y 0.74 e. -

The thiofulvalene analog HMTTF-TCNQ has been prepared and its structure
determined. ” The structure of the sulfur derivative is somewhat similar but con- V

t 
siderabl y less disordered than the present system.

SUMMAR Y

A variety of structural data leads to the suggestion that the mode of interchain j
coupling in quasi-one-dimensional organic conductors plays a significant role in
determining the systematics of such systems. In order of increasing interchain
coupling, our studies sugges t that the five compounds described here should be
ranked as follows: TMTTF-TCNQ < TMTSF-TCNQ — TTF-TCNQ < HMTSF-
TCNQ < HMTS~ -TNAP. This trend is consistent with electrica t and spin
resonance data on these materials. ’2~

7 
V
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Since the discovery of metallic conductivity in TTF -TCNQ ’ (2*-I), intense re-
search efforts have been u nder way to un derstand the properties of this novel ma-
teria l 2 The origin of the metallic state in TTF-TCNQ derives from the presence
of a segregated-stacked crystal structure in which incomplete charge-transfer has
occurred. 2

~ This stacking must be uniform , and the distance between adjacent
molecula r sites mu st be close enough to allow overlap of their T-orbitals into an
energy band. Further , because of the directionality of the w-molecular orbitals ,

V 

overlap is strongest along the stacking ax is and weak in the other crystallographic
di rect ions. Both donor and acceptor stacks in TTF-TCNQ are involved in the
metallic properties , havi ng partially filled bands of approximatel y equal width .5
In the transverse crystallographic direction (i.e., perpendicular to the stacking
axis) the conductivity is diffusive.’ These weak interactions between stacks have
been f ound to play an important role- in determining the number and the tempera-
tures at which the phase transitions in TTF-TCNQ and related materials occur ,
and their influence upon transport properties has been investigated.7

~°
Attempts to correlate how modifications of the electronic properties of the

molecular constituents ~ affect the metallic state in TTF-TCNQ are complicated
by accompanying changes in the steric or structural requirements of the solid , and

— this often leads to different crystal packings. Both factors contribute to the overall
changes in solid-state properties observed (Scheme 1). Quabtatively, we can group
these changes in solid-state properties due to molecular modifications into two
general categories: electronic effects and steric effects. Electronic effects are defined
as involving changes in the a-molecular orbitals making up the respective donor
and acceptor bands. Heteroatom substitution or expansion or contraction of the - *

band-forming a-molecular orbitals are examples. These effects not only perturb
the overlap along a given kind of stack (donor or acceptor), but also influence
interactions between stacks. Steric effects , -on the other hand , act in a more
passive way; they control the packing of the molecular constituents in the solid
without altering the characte r of the band-forming orbitals.

We describe below some of our synthetic efforts aimed at probing these two
contributions to the overall solid state propertirs in TTF-TCNQ derivatives. V
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MODIFICATION OF EL ECTRONIC ACCOMPANYING CHANGES

PROPERTiES OF DONOR OR -> IN STERIC OR STRUCTURAL

ACCEPTOR REQUIREMENTS OF SOLID

/
OVERALL CHANGES 

V

IN SOLID STATE PROPERTIES

SCHEME 1.

ELECTRONIC EFFECTS

In TTF-TCNQ, heteroatom substitution of the sulfur atoms of the donor ap-
peared to be an ideal means of perturbing electronic properties while keeping

V steric contributions relatively constant. To this end , the selenium

NC>ç~~~ CN 

C

X X
3:D

NC — CN X 2 X 4
I 2a: X 1~~=S

2b: X 1, =Sc
2c: X 1,3=S, S2 4 —=Se;

X 14 S, X 2 3 Se 
V

analogs of TTF (e.g. tetraselenafulvalene,’2 TSeF, 2b and cis/lrans-diselenadi-
thiafulvalene,’3 DSeDTF, lc)I4 were prepared , by the route outlined in Equation I.

Se
N aC~~CH I)X . CSe, 

C~~~~~
Se 

(CH ,0)3 2 ( 1) 
V

The TCNQ salts ofTTF , DSeDTF , and TSeF are isostructural , with only a slight
expansion of the unit cell parameters as expected because of the incorporation of
the larger selenium atom. ’0 TABLE 1 summarizes these parameters as well as other
data on these materials.

Not only does the close structural similarity between TTF-TCNQ and TSeF-
TCNQ simplify the task of deciphering the relation of molecular to solid-state
properties in these charge-transfer salts, but it also permits the formation of solid
solutions: TTF~TSeF, _ X TCNQ where x can vary from 0 to I , analogous to the
alloying of two metals. These “organic alloys” provide a unique probe for the
systematic modification of solid-state properties in which the character of the
donor stack can be continuously varied from h F  to TSeF.’°

The substitution of selenium for sulfur in TTF-TCNQ led to a number of
important changes in solid-state properties (see TABLE 1). For example, not only
is TSeF-TCNQ more conducting than TTF-TCNQ, but the metallic phase has
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been stabilized to a lower temperature. Also, in contrast to the multiple-phase
transitions seen in TTF-TCNQ, TSeF-TCNQ has apparently on ly a single-phase
transition.~ FIGURE I plots the logarithm of the resistivity versus the reciprocal
of the temperature for TTF-TCNQ and TSeF-TCNQ. Two transitions in TTF-
TCNQ are easil y seen as tw o sharp rises in resistivity at 53 ’K and 38’K. These
points are emphasized in the insert , which plots the slope of lnR versus T. The
two transitions manifest themselves as two sharp peaks over a smooth back-
ground. In contrast to TTF-TCNQ, TSeF-TCNQ has a minimum at lower tern-
perature and onl y a single anomally at 28’ K.8”°’23

The reason for these changes in going from TTF-TCNQ to TSeF-TCNQ,

TABLE I
PROPERTIES OF THE TCNQ SALTS OF TTF, DSeDTF, TSeF

Property TTF-TCNQ DSeDTF-TCNQ TSeF-TCNQ V

Unit Cell Constants
a(A) l2.298 l2.405 I2 .5l4

• b(A) 3.8l9 3.842 3.876
c(A) 18 .468 18.486 18.511

l04.5 104.3 104.2’
Conductivityt

~RT (ohm-cm)
’ 500 550 800

T~ (’K) 58 64 40
T~( K )  53 44 28

EPR linewidth~ 5 220 550
(gauss)

Thermal electric —30 +10 +3
power~

(MV/ ’K , 298 K )

X-ray diffraction of powdered crystals. Data from Reference 10.
tFour-probe single crystalline dc measurements. ~RT — room temperature conductivity .

1, — temperature of the peak in conductivity, I~ — phase transition temperature . Se~References 8 and 10 for details.
~Single-crysta l measurement; see Reference 9 for details.
*Data from P. M . Chaikin , R. 1. Greene, S. Etemad & E. M. Engler . 1976. Phys. Rev. B

13: 1627.

although not completely understood at present, appear to be due to the greater
orbital extent of selenium relative to sulfur. This permits stronger overlap both
along the donor stack and with the acceptor stack. A variety of solid-state mea-
surements ’5 all indicate a greater contribution of the donor stack to overall solid-
state properties in TSeF-TCNQ than in TTF-TCNQ.’° The increased electronic
interaction between donor and acceptor stacks in TSeF-TCNQ is believed to be
important in the lowering of the phase-transition temperature relative to TTF-
TCNQ.9” Many factors are undoubtedly involved in controlling the phase
transition , but the role of inter-stack electronic coupling can be understood
qualitatively as follows: The phase transitions in TTF-TCNQ and TSeF-TCNQ

_ _ _  — V
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FIGURE 1. Plot of the log resistivity of TTF-TCNQ (0) and TSeF-TCNQ (+) versus
inverse temperature (‘K). Insert plots slope of log resistivity versus temperature.

involve the interplay of dynamic lattice distortions (i.e., charge-density waves)
which occur on both donor and acceptor stacks. It is the building up of three-

V 
dimensional ordering of these charge density waves in certain phase relationships

V which brings about the transit ions. ’°’1 ’9 The energy gain for undergoing the phase
/-~ ~ 

transition is associated with the 1-dimensional-like character of these materials
V V V $ ~
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(e.g. the Peierls instability). By makin g the system less 1-dimensional, through
enhanced donor and acceptor stack electronic overlap, the energy gain for this
transition to occur should be less and the transition shifted to lower tempera-
ture. 10,16

The enhanced electronic overlap between donor and acceptor stacks in TSeF-
TCNQ may not onl y be involved in the lowering of T, relative to TTF-TCNQ,
but may also account for the apparent single transition that is observed in TSeF-
TCNQ, as opposed to multip le transitions seen in TTF-TCNQ. Considerable
evidence has accumulated7 that indicates that donor and acceptor stacks are
weakl y interacting in TTF-TCNQ, and that the metal-insulator transition at 53°K
affects primarily the TCNQ stacks. The lower transitions at 49’K and 38°K
involve interactions of both donor and acceptor stacks. IS’2O’2~ With stronger inter-
stack interaction in TSeF-TCNQ as well as enhanced overlap along the donor
stack , bot h stacks apparen t ly undergo their transition together. 0

The effects of introducing small amounts of TSeF in TTF-TCNQ has been
shown to be consistent with the above roles of the donor and acceptor stacks in
the 53’K and 38’K phase transitions .8 Since the 53°K transition is believed to

V involve mainly the TCNQ stacks, it should be relativel y unperturbed by a small
amount of donor stack doping. On the other hand , the 38’K transition , which
involves both donor an d acceptor stacks, shou ld be more sensitive to alloy forma-
tion. This is indeed the result: three percent incorporation of TSeF into TTF-
TCNQ completely obscures the 38’K transition , while the 53°K transition remains
relatively sharp.8 By contrast , doping of the acceptor stack with a sim ila r amoun t
of meth y l TCNQ (MTCNQ), 3) considerably broadens the 53°K transition. 22 V

FIGURE 2 shows the effect of donor and acceptor stack doping on the phase transit.
tions as seen in the conductivity data.

CH 3 
V

NC — CN

NC — CN 
V

- - 
V

Doping experiments are an excellent probe of electronic effects in these charge-
transfer salts and provide useful insights about the character of the phase transi-
tions and the coupling between donor and acceptor stacks. 23 As described above,
donor and acceptor stacks are weakly coupled in TTF-TCNQ with the TCNQ
stack driving the phase transition at 53’K. The doping behavior of TTF-TCNQ V

in FIGuRE 2 is consistent with such an interpretation. In TSeF-TCNQ, on the
other hand , the donor and acceptor stacks are more strong ly coupled. Thus , we
would e4pect this material to be more sensitive to donor doping, which is
observed: three percent hF doped in TSeF-TCNQ not only broadens the phase
transition at 28’K but also shifts its position 10a,23 (see FIGURE 3). Acceptor doping
in TSeF-TCNQ also produces greater changes in the conductivity-temperature
profile, compared to similar amounts of MTCNQ in TTF-TCNQ. 24 This is con-
sistent with greater donor-acceptor interaction, which results in a smaller gap
opening at the phase transition and , therefore, a corresponding greate r sensitivity
to doping.24

-
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STERIc EFFECTS

Whereas the isostructurality of TTF-TCNQ and TSeF-TCNQ facilitated the
study of their comparative solid-state properties , it is impor tan t to understand
how modifications in the crystal packing alters such properties. Introduction of
alky l groups in these materials appeared to us to be an effective means of modify-

to I I
9 - ° (TTF)097(TSeF)003

(TCNQ)
o (TTF)(TCNQ) 

. 

fi 4
LT~~~

8 - o (TTF)(TCNQ)O9? (MTCNQ)O.O3 -

7 -  -

7/’ 
/

1: 77/ :

O c I ~~~~~O~~~~5~~~~~~~~~5 4 O  

-

(1000/1) (K~)
FIGURE 2. Plots of log resistivity versus inverse temperature ( K )  for donor and accep-

tor stack doping in TTF-TCNQ.

ing interstack coupling in an identifiable manner. Alkyl groups, being sigma
bonded, should not significantly perturb the s-framework and therefore should
serve mainly as .uerlc “spacers”; i.e., to push donor and acceptor stacks apart.

From our studies on TSeF-TCNQ, stronger donor-acceptor overlap in this
system compared to TTF-TCNQ was observed and considered a major factor in-

V volved in lowering the phase-transition temperature . The rather large increase in
V . EPR linewidth in going from TTF-TCNQ to TSeF-TCNQ (TABLE 1) was con-

V 
- sidered evidence for this enhanced donor-acceptor stack interaction.9 After cor-
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FIGURE 3. Plots of log resistivity versus inverse temperature (‘K) for donor and acceptor
stack doping in TSeF-TCNQ.

recting for the contribution of greater spin orbit coupling in selenium , consider-
able, additional relaxation of the signal remained at the high TSeF alloy
compositions x — 0.95, 0.98, and 1.00 in TSeF~TTF ,_ TCNQ.9 FIGURE 4 shows
the variation of EPR linewidth as a function of alloy composition. This behavior
closely parallels the sharp decrease in the phase-transition temperature noted for
the high TSeF composition ’° (see FIGURE 5). 

V 
-

600 T
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FiouRn 4. Plot of EPR single-crystal linewidth as a function of x in TSeF~TTF 1 - ; . V -

TCNQ. 
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_______ S

_ _ _  H
X IN TSeFxTTF1.x TCNQ

FIGURE 5. Plot of the phase-transition temp erature I~(°) and the temp erature of the
peak in conductivity T,(o) as a function of x in TSeF~TTF i_ ~TCNQ.

Thus, EP-R linewidth could serve as a convenient probe of how different crystal
packing arrangements , obtained from stericall y modifying TSeF-TCNQ with alk yl
groups , affect interstack interactions. TABLE 2 summarizes some of our findings , V

together with data taken from the literature .
Acceptor alkylat ion was accomplished as the 2,5-diethyl TCNQ derivative

(DETCNQ , 4: R — Et). DETCNQ was reacted with TSeF to give a metallic

R R
NC.~~~CN

R

NC CN R

charge-transfer salt 2’ which is isostructural with the previously prepared sulfur
analog.24 The qualitative changes in the conductivity achieved by replacing the —
sulfur atoms with selenium in TTF-DETCNQ salts are comparable to our earlier
work on the TTF-TCNQ.’° In both cases selenium seems to stabilize the metallic
state, since the metal-to-semiconductor phase transition occurs at lower tempera-
ture than that of the sulfur analog. We also observed an increase in the con-
ductivity of approximately l 0O% with the introduction of selenium. 26’27 V

It is worth noting that these features are common in spite of the different
crystal packings for the two kinds of materials. The TCNQ salts crystallize in a
monoclinic lattice, in which the stacks of donors and acceptors are tilted against
each other to form a herring-bone pattern , with each acceptor molecule having two

— nearest donor molecules and vice versa.3 On the other hand , the DETCNQ
analogues are triclinic, with all stacks tilted in the same direction and with each
acceptor being surrounded by four nearest donors.26

- V~~~’r~~~
: The alkyl groups in TScF-DETCNQ increase the interstack separations and as

. q~ y

— - 
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a result decrease electronic interactions , as evidenced by the more narrow EPR
linewidth (TABLE 2). This decrease in donor-acceptor overlap is accompanied by 

V

an increase in the phase transition temperature relative to TSeF-TCNQ. Donor
alkylation in TSeF-TCNQ (e.g. TMTSeF, 5: R — — CH39~ also leads to a de- - -

crease in the EPR linewidth~ and an increase in the phase-transition temperature
(see TABLE 2). However , in TMTSeF-DMTCNQ, 3° where both the donor an d
acceptor stacks a re alk y lated , this trend ends. The EPR linewidth for this material
is 50 gauss and is one of the narrowest so far observed in a TSeF-charge-transfer
salt.3’ This suggests weak donor-acceptor overlap, yet the phase transition is at a
lower temp erature than observed for both TSeF-DETCNQ and TMTSeF-TCNQ.

- 
- While the reason for this beh avio r is obviously a com bin at ion of m any factors

not yet well un derstood, some interesting qualitative insights emerge. It was dis-
cussed earlier that the phase transition in these materials involve the build up of
3-dimensional order of charge-density waves on the donor and acceptor stacks. By
increasing donor and acceptor stack electronic overlap, we decrease the energy
gain for this transition to occur and shift the transition to lower temperature.
Alkylation can push donor and acceptor stacks apart (see for example Se...N
distances in TABLE 2), thereby decreasing their interaction and raising the phase
transition temperature. This, however, tends to make the stacks more and more
I-dimensional , and the ability of the charge density waves to 3-dimensionall y lock
should decrease. Thus , at some point , this effect may ta ke over and lead to a
lowering of the phase-transition temperature. These interpretations are hig hl y
speculative at present, and more work is required to establish their validity.

It should be mentioned that alkylation does not always have to decrease elec-
tronic overlap between donor and acceptor. For example, the alkylated charge-
transfer salt HMTSeF-TCNQ32 (HMTSeF: 5, R/ R ’=(CH 2)3) adopts a crystal

TABLE 2
DATA ON ALKYL DERIVATIVES OF TSeF-TCNQ

EPR Sc...Nb
T~’ Linewidth Distance V

Compound ( K )  (gauss)
TSeF-TCNQ 28 550 3.17c
TSeF~DETCNQd 100 175 — V

TMTSeF-TCNQ - 57’ 120’ 3.36
TMTSeF-DMTCNQ - 42s 50k 3.49’HMTSeF-TCNQ — l6i > 2000k 3.10’

‘Phase-transition temperature from the single-crystal conductivity measurements.
bShortest Se...N distance in the solid.
CS. J. LaPlace & P. W. Cornfield. Unpublished work.dData from Reference 25.
‘Data from K. Bechgaard,T. .1. Kistenmacher , A. N. Bloch & D. 0. Cowan . 1977. Acta

Cryst . 833:417.
~Data from Reference 29.
lData from Reference 30.
b Data from Reference 31.
‘K. Rechgaard , J. R. Andersen, 0. Rindorf , H. Soling & C. S. Jacobsen. To be published.

V - - 
iVery broad phase transition. See reference 35 for details.

V - k Data from Reference 32.
Data from Reference 33

- ~~~~~~~~~~~ •
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structure 33 that positions the don or and acceptor very close (as judged by Sc...N
distance in the solid , TABLE 2) to permi t strong overlap . The result is an EPR
li newidth too broad to measure an d a phase transition at 16K (see TABLE 2).~~’

CONCLUSION

The attempt to correlate modifications of the molecular constituents with the
resulting solid-state properties of their charge transfer salts is a complex task

V fraught with many difficulties. Many interconnected parameters are involved with
each modification. We have presented our initial approach to this problem. It is
aimed at trying to disentangle some of these parameters in terms of electronic
and steric effects.

Electronic modifications of TTF-TCNQ were studied with use of the selenium
analog s of TTF-TCNQ. Enhanced donor-acceptor stack interaction was consid-
ered an important factor in lowering the phase transition from 53K  in TTF-
TCNQ to 2 8 K  in TSeF-TCNQ. Alloys of these isostructural organic metals and

V selective donor and acceptor stack doping experiments provided useful insights
concerning the character of the phase transitions and the interactions between
donor and acceptor stacks.

Steric effects were studied in TSeF-TCNQ analogs with alkyl groups as elec-
tronically insulating “spacers” that can push donor and acceptor stacks apart,
leading to new crystal packing arrangements and reduced interstack interactions.
EPR linewidth measurements were found to be a convenient probe of these inter-
actions. As the charge-transfer salt is made more and more I-dimensional through
alk ylation , as judged by EPR linewidth narrowing , the phase transition first in-
creases and then decreases.
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DIscussIoN

JAN KOMMAND E UR ( Univ. Groningen, Groningen , The Netherlands): Do you
know the structure of the insulating dimethyl derivative?

ENGLER: No. It apparently is DA if one believes the optical spectrum taken in
KBr.
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UNSYMMETRICAL TETRATHIAFULVALENE S*

M. P. Cava and M. V. Lakshmikantham
V 

Chemistry Department
University of Pennsy!vw~iaPhiladelphia , Pennsylvania 19104

Since the first report of unusually high electrical conductivity in charge-
transfer corn plexes of tet ra th iafulva lene-tetr acyan oqu inodimethan e (TTF)-
(TCNQ), ’ ma ny anal ogs of the donor molecules have been reported. 2 In the syn-
thesis of these compounds, a final coupling step is generally involved , giving rise

V 

to the generation of symmetrical derivatives (Reactions I & 2). There are several
syntheses (Reactions 3 & 4) not involving coupling reactions, but these are of
limited scope and are essentially symmetrical condensations.3’4 V

x:j :>=cx: 

~~~~ 
Ei~N [[5]

V 

- 

TTF TCNQ V - -
- (1)

R

1

S 
(Et~ )3 P 

. 
(2) 

- 
- 

“~ V

2 
cISH 

+ 
c�1

~~c’ ~~ 

(3) 

V V

+ R3P + CS2 -
~~ 

MeO2Cf >=<j~ (4)
C—CO2 Me CO2 Me - -

Until recently no unsymmetrical analogs of TTF were known. These com-
pounds are desirable for the ascertainment of the effects of asymmetry in the
i-donor on the solid-state pro perties of the corresponding TCNQ complex. - V

Bajwa et a!. report ed- the synthesis of an unsymmetrical TTF derivative 3,
using a mixture of vicinal thiols and tctrachloroethylene, in which the desired
unsymmetrica l product 3 crystallized in preference to the symmetrical products
l and 2.5 -

sSupported by the National Science Foundation MRL program under grant DMR 76-
00678. Manuscript received June 13, 1977.
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‘cx:: + 

H3C~~~~~~~ SH 

+ 

x

cxx c÷

V 

. 

CH c.
~~~ j J >=< j 3.CH J + 

EZ~~(S
x

SJE~~~~
CH 3. 

V

(5)

The next report of an unsymmetrical TTF derivative was by Spencer ci al.6
V Here two selones of widely differing polarity were condensed in the presence of $

tripheny iphosphine (Reactions 6). Although a mixture of products 1, 6, and 7
resulted , their chromatograp hic separation could be achieved cleanly by taking
advan tage of polarity differences .

~~x 
s
>~ + 

Me02 C s 
Ph,

S MeO2 C ~
4 5

S S CO2 Me MeO2 C S S CO2 Me
+ 

CIIIIIIIIS><SIXCO Me 
+ 

Me02 C
u l l S S Mc 

(6)

Recently, Wudl ci a!. reported the coupling of two different thio lium salts
S and 9 in the presence of triethy l amine (Reaction 7) to give 10, 11 , and 12.~

H3C S H S H

H CII~
IIS 

+ 
EI; N 

~~~~~ +

BF4 BF4
$ 9 10

(7)

+

-
~~~~~ — - - - .
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Here again , the unsymmetrical product 12 was separable by fractional crystalliza- -J
tion.

Very recently Green reported the lithiation of h F  and the conversion of the
resulting lithio compound 13 into several monosubstituted h F  derivatives (14,
15; Reaction 8).~

TTF n.BuLi

V /

/(EtO) BF3 

- 

02 H

All of these methods have certain limitations and drawbacks , and none is of
general applicability.

The route employed by Bajwa ci a!. , based upon the original synthesis of
dibenzotetrathiafu lvalene by Hurt ley and Smiles,3 (Reaction 3), has two serious
drawbacks. First , vicinal dithiols are not generally readi ly available . Second ,
and more important , the isolation of the unsymmetrical product depends upon
fortuitious crystallization.

In a recent reinvestigation of this reaction in our laboratory, a stable geminal
dichloro intermediate 16 has been isolated (Reaction 9).9

Cl Cl ~~~~~~~~ Cl
I II + 

~‘~I II ,‘=< (9)

Cl Cl ‘ -~~~ -S Cl
16 

V

Intermediate 16 gave dibenzotetrathiafulvalene (1) upon treatment with more
benzenedithiol. However , reaction of 16 will either ethenedithiol or disodium
1 ,2-dicyano-ethenedithiolate did not lead to the expected unsymmetrica l mono-
benzotetrathiafulvalences 17 and 18 (Reaction lO.)~

V 
+ (H / L  

V

(10)

:: c:: 
~ 
ct:x:x: 

iLl T
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A more detailed investigation of the coupling of 4 and S (React ion 6) has
revealed several interesting features. Optimum y ields of the unsymmetrical 7 are
obtained onl y when selones are used , rather than the more readil y available
thiones. ’° (See TABLE I ) .

- TABLE 1*
SYNTHESIS OF 7 BY MIXE D COUPLING

V - + 
P(O Lt ) 1 + 6 + 7.

V 

Products

Reactan ts Yield % V

-
V X Y 1 6 7

S S 38.16 18.34 2.7
Se S 23.68 9.17 6.75
S Se l0.53 30.28 31.35
Sc Se 4.60 9.17 56.27 4

Compare with Reaction 6.

With use of this approach , unsymmetrical TTF derivatives 19 and 20 were
prepared , albeit in low yield. U

However , the formation of the unsymmetrical product is possible c.ruy when - V

the two selones used in the coupling exhibit approximately the same reactivity
toward the phosphorus reagent. U When the highly reactive diester selone 21 was
used in conjunction with 22, no trace of mixed product 23 was obtained, the only
products being the symmetrical derivatives 24 and 25

x>=~ :~xx

~
:, ~~~~~~~~~ 

V
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Thus this method is limited to selones of comparable coupli ng reactivity, and
involves a laborious optimization of experimental conditions for each set of
reactants studied. Furthermore , a final decarbomethoxylation step is involved to
obtain the unsymmetrical products for use as donor molecules. Altho ugh this
has been achieved readil y in the case of 7, this may present problems in the case
of more sensitive compounds.

The success of the approach used by Wudl et a!.7 depended upon the fortuitious
crysta lli zation of the desired unsymmetrical product IL This method , however ,
will always produce a mixture of three TTF derivatives which , if of compa rable
polarity, may be virtually inseparable chromatographically.

Recently a fundamentally new TTF synthesis has been developed in our labo-
ratory that should allow the preparation of a wide variety of unsymmetrical h F
derivatives from two different 1,3-dithiolium cations without the concomitant
formation of symmetrical analogs. 12

Ishikawa ci a!. recently reported the formation of the heterocyclic Wittig
reagent 2$ by the low-temperature deprotonation of the phosphonium salt 27,
wh ich in tur n was formed readily by reacting tripheny lp hosphine with the di-
thio li um salt 26 (Reaction 11); the existence of the unstable phosphorane 28 was
proved by its reactio n with various aldehy des to give dithiaf u lvenes of the ty pe 29
(Reaction 12))~ +

S H ..,- S PPh 3i~IIIIiIll5x Ph~ P 

1.ZIII’IiIIISXH 
HuLi,~ 28 (11)

BF4

1 Ij I I1 II> P~
h 3 RCII O 

t~~ j I~IlI>CHR . (12)

We have now found that phosphoranes of the type 30 (including 28) react
with l ,3-dithiolium salts 31, giving intermediate phosphonium salts of general
structure 32 (Reaction 12)~ I 3

+ 
V

V R s R ’ S H R 
~ Pith J S R’

R” 
>==PPh 3 + 

R,IIIS R’I’S> < SI”R, 
(13)

Deprotonation of 32 leads to triphenylphosphine elimination and the forma-
tion of the desired unsymmetrical h F  derivative 33 (Reaction 14).

R S S R’
32 (-PPh 3) R cIS S.IIIIIIIR, (14)
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The application of this n ovel approach to the synthesis of a va r iety of u nsy m-
metrical i-donors is currently under active investigation in our laboratory. V
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DISCUSSION

FRED GoETz (Hooker Chemicals & Plastics Corp., Grand Island, N. Y.): Given
that TTF is yellow , it is understandabl e that the thiomethyl ester is red because of
intramolecular charge-transfer transitions. However , wh y is the tetra methyl ester
black?
CAVA: I agree that the black color probably arises from a charge-transfer

transition. It is black in the solid sta te, and in very dil ute solutions it is really 4yellow or yellow b :own; I think this color intensity increases with concentrations ,
but in the crystalline state it is quite striking—it looks like (TTF)(TCNQ).

A. R. SIE DLE (National Bureau of Standards): We have looked very hard for
products derived from TTF and organomrta llics that would correspond to rupture
of the C—C to give us a carbene . Do you have any comment on why TTF is not a
good source of carbene , as are the nitrogen analogs of h F ?  

V
FRED WUDL (Bell Telephone Laboratories) : Analysis of the mass spectrum of

TTF leads us to assign the half-mass peak to the doubly charged cation, but it
turns out that if you do a careful isotope stud y, which was done at Oak Ridge, -~ -it splits up very cleanly into two halves, under 70 eV bombardm ent. Thus , T1’F
is not a good chem ical source of carbenes.

-
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NEW SYNTHETIC PROCEDURE FOR
THE PREP A RATION OF

MONOSUBSTITUTED TETRATHJAFUL VALENES*

Dennis C. Green
IBM Thomas J. Watson Research Center

Yorktown Heights , New York 10598

Since the , discovery of tetrathiafulvalene (h F), ’ with its unique electron-
donating properties , many modifications of the molecule have been attempted
th rough the preparation of va rious substituted TTF derivatives . A recent review
by Pittman 2 outlines eight diffe rent methods for the synthesis of disubstituted and V

tet rasubstituted tetrathiafu lvalenes. All of these methods, however, y ield only
sym metrical substitution in the 2,6; 2,7; or 2,3,6,7 positions . More recen tly the
unsymm etrical 2, 3-dimethyltetrathiafu lvalene ,3 2,3-benzotetrathiafulvalene ,2 and
2,3-benzo-6,7-di(metho xycarbony l)tetrath iafu lvalene 2 have been reported by
mixed-coupling techn iques. There are disadvantages , however , to the mixed
coupling method that limit its use as a general method for the preparation of
monosubstituted or unsymmetrical multisubstituted TTF derivatives , as shown in
FIGURE 1. There are separation problems due to the multiple products that are
formed , especially when R and R’ are similar. Conversely, when R and R’ are
very different , the reactivities of the starting compounds are often affected such
that the self-coupled products are favored. Furthermore, the versatility of the
method is li mi ted by the natur e of the substituents R and R ’ so that they must be
inert to the coup ling reagents. Thus , many functional groups such as the aldehyde,
carboxylic acid , or hydroxymethy l, are not readily compatible with the reagents -
used in the coupli ng method .5

Most reagents for direct substitution on TTF such as bromine ’ or mercuric
chlor ide6 result only in ox idatitive attack to yield the radicai cation or dication
salts. As a consequence, the chemistry of hF has been ignored except for the V

- preparation of its various salts. We have foun d, however , that buty l lithium
metalates TTF 7’8 at low temperature to provide a route to man y new mono- and -
mu ltisubstituted TTF derivatives, some of which are shown in FIGURE 2 and, later ,
FIGuRE 5. This route has a number of advantages over previous methods:

1. It is the first general method for the prepa rat ion of monosubstit u ted and
mu ltisubstituted (sym metric and asy mmetric) tetrath ia fulva lenes.

2. The starti ng mater ial is comm ercially availab le. V

3. The yields are generally good. Initial results have given yields of 35—65 per- V

cent for the monosubstituted derivati ves .
4. There are few separation problems. The exception to this is the case of

alkyla ted deri vatives such as methy l TTF. The reaction of LiTTF with Me2SO2
yields methyl TTF plu s sm all amou n ts of hF and dimethyl TTF , which presents a
diMcssk purification problem. Importantly, though , the hyd roxy methyl TTF is

Man ~ .crip~ received June 6, 1977 .
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FIGURE I . The mixed coupling method.
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FIGURE 2. Some reactions of tetrathiafulvalenyl lithium.
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FIGURE 3. Synthesis of vinyl TTF.
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purified with ease, and work is currently under-way to reduce this to the methyl
derivative.

5. The method ofFers increased versatility over previous methods. For in-
stance, the hydroxymethyl derivative is easily prepared by reaction of LiTTF with

V formaldehyde gas. This had not been made previously by a direct method. The
di(hydroxymethyl) h F  has been made, although , by the indirect method of re-
duction of the dicarbony lchloride of dicarboxy TTF with lithium tn-  ten -butoxy-
aluminum hydride9 and by reaction of dicarboxy TTF with B2 H610 . In addition , no
aldeh yde derivative of TTF had been previously reported . Formy l TTF, though , is
easily prepared by reaction of LiTTF with dimethylformamide followed by an
aqueous workup. The ability to prepare TTF derivatives with functional groups
such as the formy l, hydroxymethyl , and others as substituents is of considerable
importa nce beca use of the additio nal chemistry that can be carried out utilizing the
fu nctional group. For instance , formy l TTF undergoes a Wittig reaction with
meth ylene triphenyiphosphorane to yield vinyltetrathiafulvale.ne , as in FIGURE 3.

TABLE I
ELECTROC HEMICAL OXIDATION POTENTIALS OF TETRAHETEROFULVALENE5

Compound ’ E 1 E 2
h F ’3 0.34 0.71
TTFCO2 H 0.47 0.83
TT FCO 2 Et 0.47 - 0.83
TTF(CO2 Et) 2 0.60 0.94
TTF(CO2Me~ 0.80 - 1.08
TTFEt 0.33 0.70
TTF Me 0.33 0.70
h F Vi 0.42 0.77
TTFCOCH 3 0.47 0.83

— h F  CHO 0.53 0.89
TTF Me CO2 Et - 0.45 0.81
h F  Me2CO 7 Ft 0.43 0.79
h F  Me(CO 2 Et)2 0.54 0.87
TSeF 13 0.48 0.76 V

TSeF CO2 H 0.63 0.90

Peak potentials vs. SCE.

6. Monofunctiona lization can be achieved by this method. Since most func-
tional groups are electron withdrawing, the presence of such func t ional groups
detract from the unique electron-rich character of TIF. The importance of mono-
functionalization is demonstrated in the table of clectrochemical oxidation po-
tentials. The previously reported tetracarboxy ano dicarboxy tetrathiafulvalenes
have oxidation potentials of 0.80 V and 0.60 V ” (respectively as their ester de-
rivatives) and have not been reported to form conducting charge-transfer salts with
tetracyanoquinodimethane (TCNQ), whereas the monocarboxytetrathiafulvalene
has an oxidation potential of 0.47 V (compared with 0.34 V for TTF) and forms a
highly conducting charge-transfer salt with TCNQ - . Thus monofunctionalized
tetrathiafulvalenes retain the uni que electron-donating ability of TTF and have the
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t additional advantage of possessing a functional group that can be used to attach
-
~~~ - TTF to other systems such as electrode sulfaces ’2 and other chemical systems. j -

7. The method is a more direct route to some TTF derivatives. As an example,
the carboxytetrathiafulvalenes have not been prepared directly. It has instead, been
necessary to first prepare the ester derivative and perform the subsequent saponi-
fication. Carboxy TTF, however, can be prepared directly from LITTF by reac-

— tion with CO2. A further example of the directness of this method is the previously
mentioned preparation of hydroxymethy l TTF. -

V - - 043 s s

CH ~~~~~~~~~ 
1[~>=< ) co2 ~ t

V 
- 

- ~ S~, , /S 2~~ l.LDA
2. CICO 2 Et V

- ~~~~~~~~~~~~~~~~~~~~~~~

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
J[~~~~~~~)_CH

‘N~~~~ 
EtO2CJ[S

,_..\
S~~

_CHS

i~~~~~~~~~~~~
Eto2c

T:>~~:j V

EtO2C
ILj~~ JJ CO2Et

FIGURE 5. Multisub stitut ion.

Thus, a number of monosubstitutcd tetrathiafulvalenes have already been pre-
pared, and further , more interesting derivatives can be envisioned . The bromo-
tetrathiafulvalene, as shown in FIGURE I , has not yet been prepared, since an initial
attempt failed , but milder conditions are being pursued in order to obtain this
compound.

The synthesis of vinyl TTF shown in FIGURE 3 is of potential value in the
preparation of polymer systems with interesting electronic properties . Vinyl h F
has been found to polymerize slowly at room temperature even under inert at-

_ _ _ _ _  
_ _ _  

- 
V.

V ~~~ 
~__~V~ ~~~~~~~~~~~~~~~~~~~~ ~

V _VV__,VV__V ._ V__V - ___~
VV
i..,~_ 

— ~V_ V~V — ~
V 

~___ VVV VV_~_V_ V~~~_ J  
~~~~~~~~~ V —-



Green: New Synthetic Procedure 365

- 
- mosphere dry-box conditions. Controlled polymerization studies are currently

under way.
Multisubstitution of TTF can be achieved by the lithiation route, either by

multilithiation or by sequential substitution. For these purposes lithium diiso- -‘

propylamide (LDA) was used in place of BuLi in order to have a less nucleophilic
lithiation reagent. Dilithiation yielded the 2,6(7) substitution pattern with no
evidence of 2,3 substitution occurring, as shown in FIGURE 4.

For sequential substitution , (see FIGURE 5), electron-donating subs tituents 4
were found to decrease the acidity of the adjacent allylic proton , resultin g in
2,6(7) substitution , whereas electron-withdrawing substituents increased the acidity

V 

of the adjacent proton with the consequent predominance of the 2,3 substitution.
Furthermore , 2,6(7) dimethyl tetrathiafulvalence was found to be unreactive with
LDA at —70 1C but would react at 25 C. From these results one can readily extra-
polate the considerable flexibility and substituent control that is offered through
sequential substitution toward the custom engineering of specified properties into
new TTF systems.

V 
In conclusion , the metalation method for introduction of substituents onto

TTF provides tremendous potential for the prepa ration of new mono- and multi-
substituted TTF derivatives. This metalation method also demonstrates that, al-
though long ignored , chemistry can be affected on TTF and should be further
explored.

NOTES AND REFERENCES

1. WUDL , F., 0. M. SMITH & E. J . H IJ FNAG EL. 1970. Chem. Commun.: 1453.
2. NARITA , M. & C. U. PITTMAN , JR . 1976. Synthesis: 489. -

3. W UDL , F., A. A. KRUGER , M. L. KAPLAN & R. S. HUTTON. 1977. J. Org . Chem.
42: 768.

4. SPENCE R , H. K., M . P. CAVA & A. F. GARI TO. 1976. Chem. Commun .: 966.
5. It is recognized that these groups may be protected , hut this involves additional syn- -

thetic steps anr~ possible incompatibility of the protecting re~gent with the parent
compound itself.

V 6. GREEN , D. C. Unpublished data.
7. GREEN D.C.  1977 . Chem. Commun.: 161. V

8. h F  was obtained from the Aldrich Chemical Co.
9. HE RT LE R , W . R. 1976. J . Org. Chem., 41: 1412.

10. PITTMAN, C. U., Jr . 1976. .J. Org . Chem . 41: 2855.
Il . Oxidation potentials are reported as peak potentials vs. SCE: Pt electrode: 0.1 M

tetraethy lammon ium perchlorat e: CH3CN.
12. MURRAY , R. W ., P . R. MosEs , & D. C. GR EEN. lobe published.
13. ENGLER , E. M ., F. B. KAUFMAN , 0. C. GREEN , C. E. K LOTS & R. N. C0MP TöN . 1975

3. Amer. Chem . Soc. ~7: 2921 .

- c- .4.

- ‘V  ~~~~-V
5

~~~~V~~ 
- ~~~~~V~~~ -V 

~~~~~~~~~~



A NE W ir-DONOR FOR THE STUDY OF
ORGANiC METALS* 

V 

-

William P. Krug, Aaron N. Bloch , Theodore 0. Poehier ,
and Dwaine 0. Cowant
Departmen t of Chemistry

The Johns Hopkins University
Baltimore, Maryland 21218

Considerable syn thetic effort has been devoted to the preparation of congeners
of the donor m olecule tet rath iafu lvalene ’ (TTF) . These r-donors can yield highly
electrically conducting charge-transfer salts when oxidized by the acceptor TCNQ.
The conducting members of the TTF-TCNQ family2 consist of separate stacks
of radical cations and radical anions with fractional charge-transfer per formula
un it and strong intermolecular coupling, principally in the stacking direction.

V These quasi-one-dimensional organic conductors typically undergo transitions
from metallic to insulating phases as the temperature is lowered. An exception is

V 
the TCNQ charge-transfer salt of hexamethylenetetraselenafulvalene, HMTSF-
TCNQ i,3 the first organic substance whose conduct4vity remains metallic in mag-
nitude to very low temperature (0.045°K). It is in the interchain coupling that I
contrasts sharp ly with other members of the class. Along one transverse axis , the
inter molecular Se ... N contacts4 are un usuall y short. Along the other , the inter-
actions are weak , and the structure heavily disordered. In combination , these ef-
fects suppress the Peierls transition and may render HMTSF-TCNQ family.

To further probe the steric and electronic factors controlling the Peierls in-
stability,5 we have synthesized the donor 3. We anticipate that a complex of
3 with TCNQ could have even greater interchai n cou pling and more me-
tallic low-temperature behavior than HMTSF-TCNQ L The procedure we
util ized was developed in our preparatio n 6 of the previousl) known compound 2.~The dimerization of the alkylated thione 6 closely para llels Wudi’s con ‘enient
route8

~
9 to unsubstituted TTF. All other schemes to dimerize 5 proved ineffective. ’

The electrochemically formed dith iolate 410 reacts with excess methylene iodide
in ethanol to give thione 5~ in 38% yield after chromatograph y (based on curren t
passed) as a brigh t orange m icrocrysta l line solid , wit h the followi ng results:
mp l 59— l6l C (from hexanes-methylene chloride); ir: strong (C=S) stretch at
1033 cm 1 and weak (C=C) at 1463 cm~~; NMR (CDCI 3) 5 4.95 (s); UV
(CH 2 CI 2) 252—270 NM (log e 3.79—3.74), 350 (3.04), 429 (4.02); mass spectrum V

M/E 210 (M “P
, 100), 166, (M f —CS, 8), 164, (M 4 —CHS2, 4) 146 (M—S 2, 15),

l34,(M~ —CS2, 7), (100, C3 S2, 4), 90 (C2 H 2 S2, 21) , 88 (C2 S2, l aO), 76 (CS2 ,
26). 5 was meth y lated by (CH 3O)2 CHPF6 in 91% y ield to afford orange crystal-

Supported by Natio nal Science Foundation (DMR 76-84238) and the Material Science
Office , Advanced Research Projects Agency, Department of Defense. Manuscript received
Nov . 7, 1977.

tVisiting scholar , Stanford University, 1977— 1978 , Stanford , California 94305.
tCompounds 3,5,6, and 7 gave satisfactory C and H analyses.
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line solid 6 MP l5~~l57 C. Subsequent reduction of 6 with excess sodium boro- 
V 

-

hydride at O.C in ethanol gave the 2-s-methyl-l ,3-dithiole 7 as a pinkish-orange
V 

1 
solid in 93% yield , MP 7l— 74 C; NMR (CDCI 3) 5 2.27 (s, 2-S----CH 3 , 3H),
64 .70 (d, 3 — 10 Hz , I H of —CH 2 —), 6 4.97 (d, 3 — 10 Hz, I H of —CH2),
86.42 (S. H—CS3, 1 H). Acidification of 7 in a diethy l ether-trace acetic anhydride
solution by a fluoboric acid: diethyl ether complex generated the desired di-

-
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thiolium salt 8 as a yellow-orange powder in 88%, yield , NMR (CD3CN) 8 5.50

(s, —CH 2—, 2H) 6 10.53 (s, H—C...~ I H). V

S-
The coupling sequence was completed by a deprotonation of the dithiolium

salt 8 with N,N-diisopropy lethylamine in acetonitrile at 0°C; After silica gel
column chromatograph y (hexanes -me thy lene chloride) 3 was isolated as a violet

V solid, yield 50%, MP 154— l 56 C, IR (KBr) (292! cm~~ W (C—H) stretch ,
1463 cm ”~ VW (C=C) vibration; there are medium intensity bands at 1301 and
1424 cm~~); NMR (CDCI 3) 6 4.97 (s), UV (CH 2 Cl2)~ 242 NM (log ~ 3.99),
264 (3.91), 282 (3.88), 354 (3.69), 542 (3.61); mass spectrum M/E 355.8072 (calc.
355.8079); low resolution M/E (fragment , intensity), 356 (M ~, 33), 312 (M k—CS,
33), 266 (C6H2S6, 23), 234 (C6 H 2 S5, 12), 222 (C5 H 2 S5, 69), 178 (M 72, IS), 100
(C3S2, 41), 90 (C2 H 2 S2, 19), 88 (C2 S2, 79), 76 (CS2, 100).

The physical properties of 3 and its complexes wit h su itable electron acceptors
are curren tly under investigation , and will be reported in a subsequent paper.
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CRYSTAL CHEMISTRY OF MIXED-VALENCE
TTF SALTS*

B. A. Scott, S. J. LaPlaca , J. B. Torrancet
B. D. Silverman , and B. Welber

IBM Thomas J. Watson Research Center
Yorktown Heights, New York 10598

V 

- INTRODUCT ION

A necessary struct ural condition for the occurrence of the “metall ic state” in
the organic charge-transfer salts is the segregation of the constituent ~r-donor and
acceptor ions into their own stacks within these pseudo-one-dimensional com-
pounds. This arrangement of charged donors and acceptors would appear to be
inherentl y unstable , due to strong intrastack repulsive coulombic forces. To un-
derstand the factors that stabilize such a struct ure we have investigated the crystal
chemistry of the ir-donor tetrathiafu lvalene (TTF) with strong electron acceptors
—the halogens (Z). ”2 Such systems produce compounds having structures with
single, conducti ng, donor stacks combined with nonconducting (closed shell) Z -

anion chains. Moreover , the salts (TTF) ZP are mixed valency phases; i.e., the
oxidation state p of the donor is noni ntegral and, usually,  p < 1. The beauty of
these compounds is that the measurement of p can be carried out routinely by
chemica l analysis. Much greater effort is required to deduce this important
quantity in the two-stack systems such as (TTF)(TCNQ)! 5 As we shall see, such a
trivial measurement as stoichiometry y ields important information regarding the
factors that stabilize the segregated-stack crystal structure, and in so doing pro-
vides a simple framework in which to understand the origin of the organic metallic

V 
state.

METHODS AND MATERIALS 
V

The phases isolated in the TTF-halide systems were systematically prepared by
three different chemical methods: (1) Titration of TTF with solut ions of halogen
in acetonitri le and CCI4 Id (2) electrochemica ! oxidation of TTF to predetermined
values of p followed by the addition of halide 6, and (3) photochemica l oxidation of
TTF in Cd 4 or C8r4 solutions by UV-light.7

RESULTS AND DISCUSSION

Crystal Chemistry

Phases prepared in the three TTF-halogen systems are summarized diagram-
atically in FIGURE 1. Their crystallographic details have been presented scpa- -

‘

- .~ . :  i ’
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I I I I I

CHLORIDE
FIGURE I . Phases observed in

the (TTF)-halide (Z) systems
- plotted as (TTF)Z~, where p is the

BROMIDE halogen content defining the ef-
- - fective (or averaged ) charge per
- cation site, as discussed in the

I — text. The dashed line corresponds
to “TTF) 12”, as explai ned in the

IODIDE text. -

i ~ I I I
0.5 0.6 0.7 0.8 0.9 1.0 2.0

p,EFFECTIVE CHARGE

V 
rately, ’ and only the major structural features will be discussed here. Lattice
constants for all the relevant phases are given in TABLE I . The observed phase
compositions are delineated in terms of the effective cation charge parameter p.
defined as above by the results of chemical analysis of the pure phases (the halide
content of thei r lattices). This parameter the refore provides a measure of degree
of oxidation of the TTF chains in the compounds formed , or the degree of charge
transfer from the donor stack to the acceptors, which are full) charged. Summ ari z-
ing the results briefly, we find two kinds of (TTF)Z~ phases: the insulating iso-
valence cation phases with p = 1 and 2, and the conduct ing mixed-valence segre-
gated-stack compounds where p is fractional and < 1. These latter compounds can
be further divided into disordered and ordered halide sublattice phases, where we

TABLE 1
UNIT CELL DATA FOR THE TTF-HAL I DE S

Chlorides Bromides lodides
Monocation (TTF)Cl (TTF)Br

Salts a — 11.073 a — 11.242
b —  11.218 b —  11.366c — 13.95 c — 14.143 not observed

Ordered Mixed - TTF Cl 077 (TTF)Br 076 (1’TF)l 72
Valence Salts a — 10.77 sublattice sublattice

b 3.56 TTF Br h F  Ic — 22. 10 a 15.617 17.368 15.998 819
b —  l5.627 15.623 16. 11 4 16. 11
c — 3.572 4.538 3.558 4.871

— 91.2V 116.01’ 90.96’ 102.82’
Disordered Mixed- (TTF)Cl0~~ (TTF)8r 059 (TTF)l 0~~Valence Salts a — I I .  12 a — 11.05 a — 11.34

c — 3.595 c — 3.562 c — 3.77
1n A units. Compounds shown in FIGURE I but absent here are discussed in Ref. Id.
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find 0.7 < p (ordered) < 0.8 and p (disordered) < 0.7. Distinct homogeneity ranges
were determined ’ for the ordered phases as shown in FIGURE I .  Note that in all V

subsequent discussion we use “degree of oxidation ” and “degree of charge trans-
fer” interchangeabl y for the mixed-valence phases.

Of the two isovalence salts , only the full y charge-transferred (p = 1), iso-
morphic , and insulat ing R~ salts (TTF)C1 and (TTF)Br are of interest , since the
dicat ion salts contain no free radicals. As shown in FIGURE 2, the orthorhombic
unit cell of(TTF)Br contains eclipsed free-radical TTF + dimers, tilted — 24’ with
respect to the c-axi s, with an int radimer spacing of 3.34 A. The dimers are inter-
spersed with pairs of bromine ions with an interhalide distance of 4. 15 A. The halide

C
o ~~~~~~~~~~ 0

V 
0~~~~~~~~~~~o

0

0

o~~~~~~~~~~~~~~~~~~~~~~~~ c 
-

V

FIGURE 2. Bounded (a-axis) projection of the orthorhombic crystal structure of (TTF)CI
and (TTF)Br.

ions and the center of the TTF~ molecules, shown in the a-axis bounded projec-
tion of FIGURE 2, lie nearl y in the bc plane . Thus , the structure of (TTF)Br cx-
hibits nearl y complete isolation of the (TTF + )2 dimers along the c-axis. This is
reflected in its electrical conductivity: a~ < I 0 6  (~ -cm)~~, some eight orders of
magnitude smaller than the mixed-valence phases.

The prominent mixed-valence TTF-halides are the ordered :phases (TTF)Z,
whose compositions fall in the range 0.7 < p < 0.8. We have previously re-
ported’ the two-subcell structure and homogeneity range of (TTF)Br 071~~76. The
projection of this structure encompassing four of the monoclinic (pseudotetrag-
onal) unit cells is shown in FI GURE 3. The structure consists of two separate,
ordered , incommensurate , monoclinic sublattices for TTF and Br , with an equal

— 
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number of TTF and Br stacks running along the c-axis. The TTF-TTF distance
within the donor stacks is fixed (z0 3.57 A), while the interhalide distance is 

V

constant (z ,) and composition dependent in the ordered mixed valence phases
(p = z0fz , ; cf. FIGURE 4). A full anal ysis of the actual three-dimensional modu-
lated stru ct ure on ly recently has been carried out by Johnson et a1.~~ for the
isomorphic (TTF)I 0~~~72 salt . By contrast, the ordered chloride phase exhibits the

V closely related orthorhombic structure given by the largest dashed cell of FIGURE 3.
If the halide stacks in the ordered phases are disordered , the unit cell collapses

to the smallest tetragonal cell ifl FIGURE 3 (dashed), and the composition shifts to
values of p < 0.7. The composition shift is largest for the bromide phase (0.71 —~~

0.59) and smallest for the iodide (0.70 —÷ 0.69), althoug h as previousl y pointed

V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V 
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o

~~~~~~~~~~~~~~~~~
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”

2O SIV1~~~~~~~~~~ckT) 5 ~~~~~~Ø~~Q 4 .
FIGURE 3. Projection parallel to the c-stacking axis of the crystal structures of all mixed -

valence (TTF)Z , phases ( p  < I) , with the exception of (TTF)C1092 . The various unit -:
cells are given in TABLE I .

out , R~ the disordered iodide could contain Ic and other polyiodide species so that k
the actual extent of charge transfer from the TTF stacks is not measurable by
chemica l anal ysis. This effect is more clearly exemplified by the disordered corn-
pound (TTF)12 first reported by Johnson and coworkers~ and more explicitly
written (TTF’XTT F~ )2( I 3 )2 . Although at first sight it would appear to be a
dication phase, it is shown properly as the dotted phase at p 0.67 ~fl FIGURE 1.

The major point to be understood , of course, is why do the halides adopt the
various compositional and structural features shown in FIGURES 1-3? In FIGURE 4
we have outlined these features schematicall y, beginning with a hypothetical fully
charge-transferred , segregated stack , (TTF)Br in FIGURE 4(b). Such a structure
has not been observed; indeed , the full y charge-tran~.ferred salt is stable at p 1

V ~V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - - ~~~~~~~~~~~~~~~~~~~~ • 
~V



V V-*~~~~~~~~_  _~~~V V V  - - V -

- 

- 

Scott et a!.: Mixed-Valence TTF Salts 373

+_ _ i_ 0
+- J—. 0

o • L 0
o 4 -.’- 0

+ -
~~~

-. STRUCTURAL + 
~~~~~

+ —‘— MODIFICATION
O -~ +-1-- ®

0 4 -’-- 0
• -1- + ..J- 0
J_E2 + —‘-- ao 4 -i-- ®

FIGURE 4. Schematic representation of 0 —i--

phase and structure stability relation- , - -

shi ps among the h F-halides. The struc- ~a i p - I  ~b, p.1
lure in (b) is hypothetical , undergoing STABLE UNSTABLE
the “transformations ” outlined in Crystal
Chemistry. The 1R transitions E, and E2
expected in these systems are also shown

4 -.’— 0 c3~’ V.’ +~~ J~~in (a) and (C)  and discussed in Opt ical
Prope rties. For the ordered phases in (c) ,
the ratio z0/ z , defines the composition ~ ‘— 
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para meter p. with z 0 — 3.57 A. 
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+

j E~ 0 DISORDER ~
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V 
Cc ) p:0.76 Cd) p:O.59

STABLE STABLE

onl y in the integrated s ack-dimerized arrangement of FIGURE 4 (a). For the segre-
gated form to be stable, a composidon , or charge transfer , shift (FIGURE 4 (c))
must occur to p = 0.76 (for the Br salt). The reason for this is that the electro-
static binding energy favors the mixed-valence state as shown in FIGURE 5. From
this figure , which summarizes the results of detailed Madelung energy calcula-
tions, Id ,2 it is clear that the p 1 structure of FIGURE 4 (b) is 25% less bound than

I,

1

~~

I

~ -06 1 FIGURE 5. Calculations showing bind-
N. ing energy of ordered (TTF)Br, as a

fu nction of composition , or degree of

~ -08 - V oxidation , p (solid curve ) and the effect
of disorder on the binding energy
(dashed curve). Band energies have been

i—I included in the calculations. Bars m di-

050 ~~~~~~ ~~~~~~~~ 

cate the observed composition ranges .
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the mixed valence bromide , where the calculations show a broad energy minimum
encompassing the p = 0.7 1-0.76 homogeneity range we have determined for this
compound. Calculations id also show that disordering of the halide subcell from
the FIGURE 4(c) arrangement to that of FIGURE 4(d) shifts the maximum binding
energy to lower charge transfer , i.e., to lower halide content. There are two types
of disorder that can be envisioned: ( 1) interchain disorder , which preserves the
halide-halide spacing (z 1) ,  but unlocks the phase of the chains from cell to cell ,
and (2) intrachain disorder in which the halide-halide spacing is variable within
each chain. The result Id shown in FIGURE 5 for the more easil y calculated case (2)

Energy (cm 1 )

0 10.000 20,000

TTF~Br~
4 p~ 0. 58

~~ 076

12

”

L
/~~~~~~~

1

Energy (eV) 
V

FIGURE 6. Infra ied absorption spectra of (TTF)Brp compounds with p 0.59, 0.76 and
1.0, showi ng the effect of the degree of oxidation. The spectra were taken on pelletized dis-
persions (I wt percent concentrations) of each compound in K13r or KCI matrices (p —
0.76, 1 .0), or thin films (p = 0.59) id , iO •

gives excellent agreement with the composition of the disordered mixed valence
halide. Although it is this type of disorder which would seem , intuitivel y, from
simple coulomb arguments ,k~ to affect the composition the most , we can not com-
pletel y rule out interchain disorder ( 1) until detailed calculations are made.

Optical Proper ties

In previous work 9 we described the optica l properties of charge-transfer salts
of TCNQ, using a Hubbard-like model in which the lowest energy IR absorption is
assigned to a mixed-valence, intraband transition , and the higher energy IR ab-
sorption to interband excitations (isovaLnce) along the donor/acceptor stacks of
these compounds. The simple single-stack TTF-halides now permit us to confirm
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these assignments. The powder absorption spectra are shown in FIGURE 6. By
comparison with these more complex , two-chai n , TCNQ systems, we assign the
spectra of FIGURE 6 for the mixed-valence TTF-bromides with p = 0.58 and ~ =0.76 to analogous transitions in these sing le-stack compounds. ’° Thus , the absorp-
tion cen tered at E 1 = 0.6 eV can be interpreted (see FIGURE 4(c)) as an intervalence
charge-transfer transition of the type (TIP , TTF4) —. (TTF ’ , TTF ), and the
ba nd at E 2 = 1.55 eV , as an isovalence transition of the type (TTF~, TIP )
(TfF~~, TTF°). Such assignments are entirely consistent with our sing le-crystal
ref lectivity results.~~

1o There we foun d that both t ransitio ns are pola rized along
the stacks; also, both E 1 and E 2 transitions would be expected in the highly con-
ducting subhalide compositions p = 0.58 and 0.76, but only the higher energy
transitio n at E2 should be observed in the p = I sample, since it conta in s on ly
(ITF~ )2 isolated dim ers . Th is is indeed the case, as shown in FIGURE 6 and con-
firmed in sign al crystal st udies. We have previousl y related the transition at E2
to the Coulomb intermolecular correlation energy, U, associated with the re-
pulsion of two charges on a given molecule.91° Thus, as discussed in detail else-
where,’° we estimate that U E2 1.5eV at near-IR frequencies.

SUMMARY AND CONCLUSIONS

Crystal chemical and phase studies of the TTF-halide systems show the exis-
tence of mixed-valence donor-halide salts having segregated stack structures , in
addition to the fully charge-transferred p = I and 2 phases. The mixed-valence
phases occur with both ordered and disordered halide sublattices , and p(dis-
ordered) < p(ordered). The stability of the p < 1 mixed-valence compounds is
di rectly related to the greater Madelung binding of the subhalide compounds com-
pared to their hypothetical , fully charge-transferred (p = 1), segregated-stack
structures. Additional ly, the near t R spectra of the mixed and isovalence corn-
pounds permitted an estimate to be made of the intramolecular Coulomb correla-
tion energy, U 1.5eV.

As we have seen , the crystal-b inding energy is optimized for single organic
stack structu res such as the TIF subh alides by forming a mixed-valence stack . In
this case, the mixed valency is achieved by adopting a halide-deficient structure .
In the case of the two-stack charge-transfer salts of TCNQ, such deficiencies in the
donor or acceptor stacks would be stericall y unfavorable , but the ability of TCNQ
(like TTF) to exist as either neutral molecules of singly charged ions in a crystal
permits the two stack systems to adopt mixed valence states on both donor and
acceptor stacks to optimize E8. In this case, the mixed-valence state is achieved
by incomplete transfer of charge from the donor to TCNQ. This effect not onl y
maximizes E9, but is also of paramount importance to the attainment of high
electrical conductivity in the entire class of segregated stack TCNQ salts. High
conductivity results because U is effectively avoided for p < I through the existence
of sites for electrons (or holes) to reside that are not already populated ; e.g.,
(TCNQ , TCNQ ) —‘ (TCNQ , TCNQ ). Thus , the electrostatic need for mixed
valency creates a physically stable ground state in which there exist nearly opti-
mum conditions for high electrica l conductivity in these segregated stack , pseudo-
one dimensional, organic charge-transfer salts.
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Discovery of unusual electrical transport properties of the 1:1 donor-acceptor
complex formed from tetrathiafulvalene (TTF) and tetracyanoquinodimethane
(TCNQ) has stimulated an intense study of materials prepared from other cyano-
carbon acceptors . Less, however, is known about the complex chemistry of T’I’F,
and only recently has a series of metal dithiolene derivatives such as (TTF)2-
((C2 H2 S~)2 Ni) been reportcd.~ To obtain further insight into the fundamental
chemistry of such tetrathiaethylenes, we have carried out an extensive study of
their complexes with transition metal halides. Several types of materials have been
prepared , and they are surveyed here.

Metal halide complexes of tetrathiaethylenes may be considered members of
three general classes: (1) crystal complexes, (2) charge-transfer or donor-acceptor
complexes, and (3) salts.

Crystal complexes may be formed by cocrystallization of the thiacarbon with
some metal derivatives. The x-ray powder diffraction patterns are unique, but
optical and vibrational spectroscopic properties are the sum of minimally per-
turbed component molecules. Such materials are usually insulators.
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Donor-acceptor complexes comprise a broad and fascinating class of ma-
teri als. We consider them complexes in which low energy-excited states, formed by
electron transfer from the thiaethylene to a metal center , is mixed with a neutral ,
uncharged ground state. These compounds have new infrared and electronic-
spectroscopic properties relative to the starting materials. They are usually semi-
conductors, although , in favorable cases, rather high conductivity may be ob-
served. TTF-TCNQ is probably the most spectacular member of this class.

Salts of tetrathiaethylenes are formed by complete electron transfer to the
thiocarbon and so are ionic in character. Some cation-anion interaction , in addi-
tion to electrostatic forces, may be observed. Microwave conductivity of pressed
powdered samples is usually in the semiconductor-insulator range.3

The reaction chemistry of conjugated tetrathiaeth ylenes, notably TTF, wh ich
forms a stable cation radical , is dominated by electron-transfer processes. This is
illustrated by a comparison of the products formed from mercuric chloride and
TTF or 4,4’,5,5’-tetrahydrotetrath iafulvalene , (H 4 TTF). TTF is oxidized by mer-
curic chloride in acetonitrile to afford the cation radical salt TTF~ HgCI 3 and
mercurous chloride. Two-probe conductivity measurements on single crystals of
this salt reveal that i t is an insu lator , ~ — I x l0~~ (ohm cm)~ at room temper-
ature. An x-ray structure determination reveals two kinds of h F  cation radical
dimers and polymeric HgCI3 chains. The magnetic susceptibility XC M is 300 x
10-6 cm 3mole~ at 5 l K , or about 4% of the value expected for a simple radical
salt. Strong coupling between oxidized TTF moieties appears to be a general
phenomenon , at least in compounds that crystallize in segregated stacks, c.f.
TTF-TCNQ 4 and TTF subhalides. 5’6 Cooling solutions containing H4 TTF and
excess mercuric chloride produces, in contrast , (H 4 TTF)(HgCI2)3. The structure
of this material has been determined by x-ray diffraction methods. It is a crystal
complex containing molecules of H4 TTF and polymeric HgCI 2 units (FIGURE I) .
The shortest Hg—S distance is 3.133 A. The electronic spectrum shows absorp-
tion maxima at 33,560, 36,200, and 44,400 cm~~, compared with 40,480 cm~~ in
the starting thioethylene, confirming minimal interactions between the lattice
components . The structure of this compound is important because it demonstrates
the ability of TTF analogs to form crystal complexes and discloses that the sulfur
atoms in these molecules have a surprisingly low nucleophilicity . The 1:1 complex
(T1’F) [Pd(C 5 H702) 2j , formed by slow evaporation of solutions of TTF and
palladium bis(acetylacetonate), appears to be another member of this class.

The TTF-Cu ’’ system is interesting and has y ielded several novel materials.
The detailed course of the reactions of TTF with CuX2 depends on both the nature
of X and the solvent. Addition of TTF to CuCl2 .  2H 20 in ethanol yields (1’TF)3-
(CuCI 2)5 , about which more will be said later; recrystallization of this compound
from acetonitrile produces (TTF)2CuCl4. The influence of the solvent on the
course of the reaction, demonstrated by the isolation of (TTF)CuCl4 from CuCI2 .
2H 30 and TTF in acetonitrile, arises from the stronger solvation of Cu ’ by
acetonitrile than ethanol.

Raman spect roscopy has proved extremely valuable in study ing metallotetra-
thiaethylenes. Of the seven Ag normal modes in TTF, the r~ mode, which is
predominantly the central C—C stretch , undergoes the largest frequency shift on
oxidation and shifts from 1515 cm~~ in neutral TTF to 1413 and 1323 cm 1 in
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TTF4 and T1’F~ ’ derivatives, respectively. This mode is observed at 1419 cm 1
in (TTF)2CuCl4 and at 1313 cm~ in (TTF)CuCI4. Electron spin resonance
parameters for the former are g II 2.323(5); gJ.. 2.053(5), ~H I 430; ~ H .1 41 G.
For (TTF)CuC l4 ,g II 2.476(5);gJ.. 2.123(6); ~ H II 690; ~ H ..L 175 0. The rela-
tively narrow lines and spread of g values in (TTF)2 CuCl4 are suggestive of a

ANILE Dsuu(1
Ci.(1)--Hs(1)--CL(1’) 180.00
CL(1)--Hs(1)-—CL(6) 93,71
Ci..(1)—-Hs(1)-—Ct.(6 ) 8629
C&.(1)--Ha(1)-—CL(2) 83.52
CL(1)—-He(1)--CL(2’) 96.48
CL(6)--Ha(1)-—CL(2) 86.15
Ci (2)—-Ns(1)--Ci.(6’) 93.85
CL(6)~ HG(1)-CL(2’) 93.85
Ci(6’)--Hs(1)-—Ct.(2’) 86 15
Ci.(6)--Hs(2)-—S(3) 811.85
CL(6)--Hs(2)--S(4) 96.19
CL(6)--He(2)--CL(2) 170.011
CL(6)--NG(2)--CL(1) 93.66
CL(6)--Hs(2)--CL(1’) 78.14
CL(6)~ HS(2)~ CL(2’) 92.34
S(3)—-Hs(2)--S(4) 62.71
S(3)-—Hs(2)--CL(2’) 70.43
C4.(2’)--Hs(2)——CL(1’) 71.41
CL(1’)--Hs(2)—-CL(1) 811.31
S(4)--Hs(2)-—CL(1) 73.96

C 

I,

FIGURE I.

parallel arrangement of square planar CuCl42
~ units, but in (TTF)CuCI4, the data

are more consistent with a flattened tetrahedral geometry about copper. From
these data and the experimental values of e, exchange fields of about 10’ 0 were
calculated, based on three dimensional magnetic interactions.7

~ Thus, in contrast
to ((CF3)2C2S2J2Cu(TTF), where evidence for the presence of linea r , one-
dimensional antiferromagnetic Hessenberg chains has been adduced ,’ significant

-
~~ d~~~;~~ ~~~~

~~~~4.
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exchange fields are observed in all three dimensions in these T1’F tetrachloro-
cuprates.

(TTF)3(CuCl2)5 is only weakly paramagnetic and does not show an ESR
spectrum at room temperature. Its Raman spectrum reveals bands at 1456, 1422,
and 1306 cm ’ and the material therefore contains both the dication and cation
radical of h F .  We suggest that this compound is a mixed-valence salt containing
chlorine bridged copper(I) centers, cf.  (paraquat) (CuCl 2)2 . 1°

Formation of ionic complexes from TTF and metal halides appears to be a
general reaction , and as additional examples, (T1’F)(TiCl4)2 , (TTF)2 SnCI6, and
(TTF)2 FeCl4 prepared from TiCl4, SnCI4, and FeCl3, respectively, may be men-
tioned. Cobalt(II) chloride represents an unusual case: acetonitrile solutions of
TTF and anhydrous CoCl2 yield no solid product, but when air is injected into
the system, crystals separate, the analysis of which corresponds to (TTF)2A C0CI3.

Group VIII metal-halide-TTF complexes of the type (TTF)2 MX 2 (M—Pd ,
Pt; X—Cl, Br) are particularly interesting and have been studied in some detail.

TABLE I

Core Level
vM-Cl Raman Absorption Conductivity Binding Energies, eV

Compound cm~ 1 
~ v, cm~ Maxima , nm (ohm , cmr ’ ~ (Cl-S) ~ (S-M) ~t (Cl-M)

(TTF)2 PdCI2 330 1489, 1425 830, 240 2 x l0 ’ 34.1 — 137 .6 — 139.5
(rr F)2 p1C12 340 1499, 1425 550, 340 6 x l0 ’ 34.0 91.6 125.6
K2PdCL. 336 — — — — — — 139.6
K2PtCL 321 — — — — — 1 26.1
(TTF)HgCl3 360 1419 530, 380, 410, I x 33.4 63.8 97.2

280
(H4TTF)2PdCl2 345 1543 , 1528 650, 427, 380, 4 x l0~ 34.3 —173.9 — 139.6

345, 280
(H4TTF)2PtCI2 342 1537 530(w), 400 2 x 10 ’ 34 .5 91 .2 125 .7

Measured on single crystal by two-probe dc method . All other conductivit ies were ob-
tained by the microwave method.3

They are readily prepared in high yield from the reaction in acetonitrile of h F
with KPtCl3(C2H4), K2PtCI4, or (C6H5CN)2PdCI2. These materials are intensely
colored and show long wavelength absorptions in their electronic spectra that are
attributed to M ~~— L charge-transfer processes. Raman bands in (T1’F)2PdCI2, and
(TTF)2 PtCI2 are observed at 1489, 1425 cm - ~, and 1499, 1425 cm -‘, respectively.

• These, therefore, are mixed-valence compounds in that they contain both TTF°
and TTF~ . In the platinum chloride compound, an absorption in the far infrared
at 340 cm~~ is observed. This band shifts on substitution of bromine for chlorine
and is thus assigned to ~~~~~ These results exclude the otherwise attractive for-

• mulation ((TTF)2 PtJ ++ Cl2 which might have been anticipated from earlier work
on metal complexes of 2,2’-biimidazoIyl.~

X-ray photoelectron spectroscopy (ESCA) has provided additional insight into
the nature of these materials, and some of these results are shown in TABLE 1.
Core-level binding energies are expressed in terms of differences between ~~~~~~

• ~~~~~~~~ . S29-metal , and Cl~ -metaI energies so that shifts due to charging of the samples,
~~~~ ~ -

—a--—--

—...- .- - . - .  _ _ _  . .  _ _ _ _ _ _ _  _ _ _ _ _ _
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a severe problem with the K2PdCI4 and K2PtCL4 references, will be less important.
In the TTF-PdCl2 and PtCI2 complexes, the separation between the Cl2~ and
Pd 3d,12 or Pt 4f?/2 levels is changed by only a small amount relative to the
MCI42 salts. Further , the sulfur 2p binding energies fall in the range l62.6—
163.5 eV (relative to C11 from the graphite sample holder at 284.0 eV), com-
pared with 163.9 cV in the salt TTF~ HgCl3 .  These data indicate that small
changes in the M—Cl bond polarity have resulted from the interaction of the
MCI2 unit with TTF and that in the cases studied , the sulfurs are less positively
charged than in TTF~ . These data appear consistent with the formulation of the
palladium( 1I) and p latinum(H) chloride-TTF compounds and donor-acceptor or
charge-transfer complexes.

The present , incomplete, picture of the bonding in these palladium and
platinum complexes of T1’F involves stacks of TTF molecules with linear MX 2
units in the channels. Weak sulfur-metal coordination through the lone pair of
electrons on sulfur or back bonding into the ligand a system may also be possible.
Partial electron transfer from TTF to the metal center generates mixed-valence
materials (on the Raman time scale) containing TTF0 M , but the precise degree of

• electron transfer has yet to be established. The electrons involved in the charge-
transfer process are delocalized over the ten-atom TTF moiety and have only a
small effect on the sulfur core-level energies. These are dominated by localized
lone electron pairs, as is illustrated by comparison of the ESCA data for (h F)2-
PdCl2 and (H 4TTF)2 PdCl2.

It is clear that additional data will be needed to delineate the structure and
bonding in these TTF-metal complexes. The scope and diversity of the chemistry is
extremely large. It is probable that within the donor-acceptor class of complexes,
gradations in bonding features will continue to be observed among different metal
complexes, and that new materials will emerge that have novel chemical and
physical properties.
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• INTRoDucT IoN

The recent interest in organic charge-transfer salts has been aroused , to a large
extent , by the possibility of achieving high conductivity in a novel class of solids .L2
To date , the most widely studied open-shell anion and cation radicals have been
tetracyanoethy lene3’ (TCNE), tetracyanoquinodimethane~

2’4 8  (TCNQ) and
tetracyanonaphthoquinodimethaneS~.9.I~ (TNAP) and their derivatives , and
members of the tetrathiafu lvalene (TTF)”2 tetraselenafulvale ne U .12 (TSeF)
families respectively. A major problem in the preparation of such complexes is
that the physical properties cannot , for the most part , be predicted . It has been
suggested that various molecular criteria , such as small size, high polarizabi lity,
symmetry, and molecular orbitals perpendicular to the plane of the molecule are
necessary to achieve metallic conductivity .4 H owever, characteristics that cannot
be predetermined—for example, crystal structure and intermolecular atomic inter-
actions—also play a crucial role.’ In most examples of charge-transfer complexes
prepared to date, the molecular properties of interest have not been predictable.
Part of this problem lies in the fact that data have been lacking on a large famil y of
closely related chemica l structures)3

In order to address some of these difficulties , we have undertaken the study of a
new class of donors: pen -bridged naphthalene dichalcogenides (NDC’s). These
com pounds incorporate within their structure a planar-fused heterocyclic ring
containing seven delocalizable electrons, and are expected to have low ionization
potentials and to function as electron donors in charge-transfer complexes.14”
The first NDC to be described was naphtho[ 1,8-cdJ-1,2-dithiole (I) . in which a
disulfide linkage bridges naphthalene’s per ! positions)7”5 Zweig and Hoffman&9
showed that I is a good electron donor , as evidenced by its half-wave oxidation
potential (0.95 V vs . s. c. e.) and its ability to form charge-transfer complexes with
acceptors such as chloranil and TCNE. Until recently. I was the only known mem-

Part ly supported by the National Science Foundation , grant no. CHE 76-82 122. and
the Cornell Materials Science Center . Manu scri pt received June 13, 1977 .
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ber of this series. We felt that the remaining members, in which larger and more
polarizable chalcogen atoms are substituted for sulfur , might function as even
better electron donors.

• s e S T~~ S T — ~:

Synthesis of the entire series of chalcogen-bridged naphthalene s (l—V I ) would
provide a unique set of compounds in which the electron donor properties could
be studied and related to the effects of heteroatom substitution. Since there are, in
all , six possible combinations of the bridg ing atoms, we believe that this consti-
tutes the largest group of electron donors that are so closely related by heteroatom
substitution. Studies of this series of donor molecules should provide insight into
the effect of such heteroatomic substitution on physical properties .

In addition to a description of the synthesis of all six naphthalene dichalco-
genides, we wish to report preliminary results of our physical measurements. An
x-ray diffraction study was undertaken on one of the donors, naphtho [ 1 ,8-cd] -
l ,2-selenathiole (IV), and the results are reported in section CRYSTAL STRLJC-

TURES . . . . We have measured the resistivity of single crystals of complexes of the
NDC’s with elemental iodine, where possible. Raman spectroscopy of the N DC’s
and their iodide complexes lends some insight into the molecular structure of
these complexes. Magnetic susceptibility measurements have been made on all six
neutral molecular solids, and on the NDSe-iodide complex.

SYNTHESIS

Our ini t ia l syn thesis of the symmetrical naph tha lene dicha lcogenides2° pro-
ceeded from I ,8-dib romonaphtha lene2’ (V II) via I ,8-dilithionaphtha lene
(VII J) , 22 2’ which is convenient ly produced in one step by halogen meta l exchange
as shown in( 1).

THF. —78’ C~ 
I. M — S , Sc, Te~

• . 
VII V II I 

~~ : ~~~~~

‘..‘
M . T c — l I l

- -~4 . i
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When elemental sulfur is allowed to react with VIII , naphtho[ 1 ,8-cd)- 1,2-
dithiole (I) is produced in 35—40~/~ yield (1). The properties of I obtained in this
way are in good agreement with those of an authentic sample of I prepared by the
method of Zweig and Hoffmann .’9 Its 220 MHz PMR spectrum shows the ex-
pected AMX pattern and its 70 eV mass spectrum shows the anticipa ted parent ion
as its base peak at rn/ c 190.

Analogously, VII I reacts with elemental selenium to give naphtho [l ,8-cd]-
• 1,2-diselenole (II ) (1) as lustrous purple needles, m. p. l27— l29 ’C (from hexane/

methylene chloride), in 18—22% yield. The 220 MHz PMR spectrum of II bears a
close resemblence to that of I and the characteristic ion intensity ratios of the

TAILE I
INTENSITY RATIOS OP THE MOLECULAR ION CLUSTERS ’

NDSe NDTe NSeS NTeS NTeSe
278 4 (4) 373 2 (2) 232 2 (2) 280 7 (7) 324 I (I)
279 5 (5) 374 7 (6) 233 0 (0) 281 2 (3) 325 I (1)
280 18 (20) 375 5 (5) 234 19 (18) 282 14 (13) 326 5 (5)
281 10 (14) 376 17 (17) 235 IS (17) 283 22 (21) 327 6 (5)
282 47 (SI) 377 16 (IS) 236 49 (49) 284 56 (55) 328 20 (19)
283 32 (31) 378 36 (36) 237 7 (8) 285 8 (7) 329 16 (15)
284 88 (88) 379 26 (25) 238 100 (100) 286 93 (91) 330 40 (40)
285 23 (15) 380 67 (66) 239 12 (12) 287 11 (11) 331 27 (27)
286 100 (100) 381 30 (28) 240 22 (23) 288 100 (100) 332 83 (81)
287 19 ( I I )  382 100 (100) 241 3 (3) 289 12 (12) 333 23 (2 1)
288 39 (32) 383 12 (12) 242 1 (1) 290 5 (5) 334 100 (100)
289 5 (4) 384 92 (93) 335 12 (1 1)

385 9 (10) 336 76 (77)
386 50 (51) 337 8 (9)
387 5 (6) 338 12 (13)

339 I (I)

‘rn/ c Intensity observed (calculated). The observed spectra were obtained on an AEI
MS-902 instrument. The calculated mass spectra were obtained by use of the MASH com-
puter program , which is a loca l version of ISOW, developed by W. A. 0. Graham , Univer-
sity of Alberta , Edmonton , Canada, and modified by R . C. Winterton and R. S. Weber ,
Cornell University.

parent molecular ions in its 70 eV mass spectrum (TABLE I) confiTms the presence
of two selenium atoms.

The reaction between VIII and elemental tellurium (1) produces naphtho [l ,8-
cdj -l,2-ditellurole (III) as greenish grey needles, m. p. 2I2—2 14 C (from hexane/
carbon disulflde) in 8-12% yield, Once more the PMR spectrum consists of an
AMX pattern, and the 70 eV mass spectrum of the molecular ion cluster of III
(TABLE 1) provides good support for its composition.

Recently, we have developed methodology that allows the synthesis of the pre-
viously unknown unsymmetrical dichalcogenides, naphtho( l,8-cdJ- 1 ,2-selenathiole
(IV), naphtho( 1,8-cdj-l ,2-tellurathiole (V), and naphtho[ 1,8-cdj-1,2-tellurucle-
nole (VI). The technique used is illustrated by the preparation of IV in 24% yield

• by the reaction of VII with one equivalent of n-butyllithium followed by one equiv-
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alent of elemental sulfu r , then by a second equivalent of n-buty llithium followed

VII 
~ ~~ ~~~ 

(2)

by one equivalent of elemental selenium (2). The crude product is isolated as a
dark red solid by column chromatograph y on silica gel with hexane as elu ent .
Analysis of this product by glc~ reveals it to be a mixture of I , II , and the desired
IV in a ratio of 1:7:8. When the order of addition of sulfur and selenium is re-
versed, the results obtained are qualitativel y similar , although IV is produced in
29% yield. Once again , I and II are also produced , but in this case the latter is
the major impurity. All three products of this reaction are well separated on an
analytical scale by glc and can be obtained pure on preparative scale by use of
medium-pressure li quid chromatography. The formation of these symmetrical by-
products probabl y results from reaction of elemental sulfu r and selenium with

• I ,8-dilithionaphthalene present in the reaction mixture. Naphtho[ 1 ,8-cd)- 1,2-
selenathiole is a dark red crystalline solid , m. p. l2 l—l22 °C , whose spectral prop-
erties closely resemble those of the previously synthesized, symmetrical chalcogen
bridged naphthalenes.’9’2° The characteristic ion-intensity ratios of the molecular
ion cluster of IV in its 70 eV mass spectrum are in accord with expectations
(TABLE 1).

VII 
~ 

(3)

As summarized in (3), VU reacts analogously with n-buty llithium and
elemental sulfur , followed by n-buty llithium and elemental tellurium , to give V as
dark bronze filaments (m. p. 2I4-2 16 C) althoug h in only 2% yield. The spectral
properties of V are consistent with the proposed structure (TABLE 1).

The reaction of VII with n-butyllithium followed by elemental selenium, then
n-butyllithium followed by elemental tellurium gives the last member of this series,
naphtho( l ,8-cd)-l ,2-telluraselenole (VI), as shiny black flakes (m. p. 193—l95 C’
in 4% yield (4).

• 
• 

VII 
~: E 1 T .~ J (4)
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The structure of VI is once again confirmed by its characteristic spectral prop-
erties (TABLE 1).

While l,8-dibromonaphtha lene is a satisfactory starting material for the
three symmetrical NDC’s, it is mu ch less satisfactory for the un symmetrical
cases. We hav e, therefore , sought h igher yielding syntheses for IV—VI in tn effort
to obtai n a better supply of these materials for further study. One solution to this
problem , which allows efficient syntheses of IV and V. as well as of I , is outli ned
in( S).

SH Cl SLi Li S—M

O’b ~~~~~~~~~~~~

‘° O’O~ 
~ M~~~ S. SC. T~ (5)

Ix x 
M =M Te V

8-Chloro-l-naphthalenethio l (IX) 26 is treated with two equivalents of n-buty l-
lithium in tetrahydrofuran solution at —25 °C , generating the dilithio salt (X),
which after reaction with elemental sulfu r gives ! in 44% yield. Under analogous
conditions, t reatment of X with elemental seleniu m gives I V in 65% yield ,
whereas reaction of X with elemental tellurium allows isolation of a 60% y ield of
V. From the results obtained above , it is apparent that 8-chloro-l-naphthaleneth iol
undergoes efficient halogen metal exchange. This is unusual , since ary l chl orides
are not nor m all y good substrates fo r halogen metal exchange reactions . Thu s,
when l-chloronaphthalene is subjected to reaction conditions identical to those
under which IX is efficientl y converted to X , it is recovered un changed, in agree-
ment with previous reports.27 ’28 This suggests that the -SLi substituent on one pe n
position of the naphthalene r i ng assists in the exchan ge of the chlorine at the ad-
ja centpeni position . Th is novel use of a lit h ium thiolate to enhance halogen metal
exchange across pe n positions may prove useful in the synthesis of other interest-
ing chalcogen-bridged aromatic systems.

CRYSTAL STRUCTURE OF NAPHT H0[1 ,8-CD]-I ,2-SELENATHI 0LF IV

As a prelude to an examination of the solid-state properties of charge-transfer
complexes of the dichalcogenides with suitable acceptors, we have examined the
crystal structure of IV by x-ray diffraction .~ We chose IV as a representative of the
NDC class of compounds because the dissymmetry of the chalcogen bridge per-
mite determination of any structural disorder that may exist and because early
experiments showed that IV and II were isostructural . Knowledge of the crystal
structure would rule out any possibility that these systems are dimeric , and also
establish the planarity of the molecule. Reports of difficulty in refinement of the
crystal structure of I have further prompted our investigations.30

A crystal of IV was grown by slow cooling of a saturated solution of IV in
hexane containing a few percent methylene chloride. The long, da rk red needles
obtained belong to the monoclinic space group 2 , / c  with a — 15.417 (6), b
4.244 (2), c — 16.596 (7) A and ~ — 129. 1 l(6) . Density measurements indicated

.~ - -“-.~~~~~~~~
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four molecu les per un it cell or one per asy mm etr ic un it . All un ique data with
20 � 114° were collected on a Sy n tex P 21 di ff ractometer with use of mono-
chromated Cu Ka (1.54178 A)radia t ion. A total of 133 1 reflections was surveyed ,
and after correction for Lorentz, polarization , and background effects , 1083 (8 1%)
were used in the final refinements (F 02 � 3~ (F02)). The selenium atom was located
by a three-dimensional Patterson synthesis and the nonhydrogen atoms were
located on subsequent selenium-phased electron density syntheses. Full-matrix
least-squares refinement , with anisotropic temperature factors for the nonh ydro-

Fiouas I .  A computer generated perspective drawing of the structure of naphtbo-
1 ,8-cd)- I ,2-selenathiole.

gen atoms and omitting hydrogen atoms, has presently converged to a standard
crystallographic residual of 0.080.

A drawing of the final x-ray model of the molecule is presented in FIGURE 1.
The compound is seen to be monomeric; bond distances and bond angles agree
well with generally accepted values. The sulfur-selenium bond distance is tound
to be 2.246 (5) A and the sulfur-carbon and selenium-carbon are I .80 (2) A and
1.88 (2) A respectively. The bond lengths and bond angles within the naphthalene
ring of IV show no serious distortion from those in naphthalene itself.3’ The

-
~

H planar molecules are tilted at 25’ and stacked along the b-axis. The stacks are

4 
— 
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FIGURE 2. A computer generated perspective drawing of the extended structure , illus-
trating the molecular pattern of naphth o l l ,8-cdj -I ,2-sclenathiole.

interleaved in a herringbone pattern. From the Patterson map, and refinement ,
there is no evidence of disorder with respect to the dichalcogen bridge; indeed,
the stacking along b is such that the sulfur and selenium aton’s are found to exist
in linear chains along the stacking direction. A perspective drawing of the unit cell
is presented in FIGURE 2.

COMPLEX FORMATION

The three symmetrical chalcogen-bridged naphthalenes were all found to form
1:1 donor-acceptor complexes with TCNQ.30 A thermal gradient sublimation
apparatus similar to the one described by McGhie and coworkers32 was used in
the final purification step for both the donors and the TCNQ. The compaction
conductivities for these materials were measured at room temperature. The results
show an interesting trend: NDS . TCNQ — IO~ fl cm, NDSe . TCNQ — 2 x
lO~ £2 cm and NDTe . TCNQ — 50 (2 cm. It is apparent that in the symmetrical
NDC . TCNQ series, as one goes to larger , more polarizable chalcogens, the con-
ductivity of the TCNQ complexes increases dramatically.

In an effort to find more interesting complexes involving these donors, we
decided to explore the use of another acceptor, elemental iodine. Buravov ci a!.33

T
- ~~~~~~~~
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and Isett and Perez~A1buerneM have shown that iodine proved to be a good ac-
ceptor in complexes with tetrathiatetracene (ITT). All six N DC’s form complexes

• with this acceptor. The complexes are formed by mixing solutions of the NDC
and iodine in a suitable solvent (usually acetonitrile) and allowing the complexes
to crystallize. By using the technique that has been developed for TTF . TCNQ,35

we were able to produce large crystals in the case of NDSe-iodide. These shiny
metallic grey crystals were found to correspond to a stoichiometry of NDSe, -I I.$2~Elemental microanalysis revealed that this ratio of NDSe to iodine was repro-
ducible over a number of independently prepared samples. The physical properties
of this system are discussed in THE ELECTRONIC PROPERTIES.

Up to now, we have been unsuccessful in our attempts to grow large single
crystals of either the TCNQ or iodine complexes of the remaining NDC’s. This
has been due, to a large extent , to the poor solubility characteristics of these corn-
pounds. Our effor ts to find a suitable solvent system for growth of large single
crystals are continuing.

RAMAN SPECTROSCOPY

The Raman data on the NDC’s and their iodine complexes were collected us-
ing the Spex 1401 double monochromator with photon counting and digital data
storage. Various excitation lines were obtained from argon and dye lasers. Wit h
the exception of single crystal data on I, all data were obtained on polycrystalline
spinning pelLets. Complete data in the LOG—2000 cm ’ range were obtained for I and

TABLE 2
RAMAN FREQUENCIES CHARACTERISTIC OF

FIVE-MEMBE R E D HETEROCYCLIC RINGS CONTAINING Two CHALCOGENS

NDS NDSc NDTe NSeS NTeS NTeSe 
— 

- - 
-

128 129
146

170 168 190
197 207

220 224
- 238 241 241

254
261

278 267 274
316 292 296

345 352
391’ 393’ 374 400’

411
440 432

473’ 470’ 464’
511’

523
53l 528 534
570 556

‘Naphtha lene mode.

—
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IV and shows a very strong resemblance to the Raman spectrum of naphthalene ,~’
in that the line shifts are not greater than 10cm ‘ . This is indicative of a low degree
of distortion of the naphtha lene nucleus. The new lines that are observed can be
attributed to various vibrations and/or deformations of the five-membered hetero-
cyclic ring. We collected data on all six dichalcogenides in the 100—600 cm~
frequency reg ion , which is characteristic of chalcogen-chalcogen and carbon-
chalcogen bonds . The energies obtained (TABLE 2) are in general agreement with

(I)

pa —
S.,.—

lOS PS I 2 M 3w1

~

— N D T E — I ~

I re—c
204

156

•

__ , I I I
100 200 300 cm~

FIGURE 3. Raman scattering spectra of a) NDSe-iodide and b) NDTe-iodide complexes
taken with 5145 A laser line.

the values reported for these bonds.” The values we obtained cannot be ration-
alized on the basis of simple isotopic substitution. A computer force constant
calculation now in progress should permit definitive mode assignments.

In the absence of structural data on the N DC-iodine complexes, we have ex-
amined their molecular state via Raman spectroscopy . The resonant Raman
spectrum of the NDSe-iodide complex shows a strong band at 105 cm~~, FIGURE 3

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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(top), characteristic of the symmetric (v ,) mode of ~~~~ Two overtones of this
mode can be seen (5145 A excitation line) at 2 11 and 318 cm~~. A weak feature
at 151 cm ’ can be assigned to the asymmetric (v 3) mode of the 13 .  The relative
weakn ess of this mode, even away from the resonance , indicates little deviation
from the symmetric (D ,,,) triatomic molecule. The preliminary single-crystal data
are consistent with a structure in which the triiodide molecules are oriented along
the stacking axis of the crystal.

The Raman data obtained on a microcrystalli ne compaction of the N DTe-
iodide complex (FIGURE 3, bottom) shows a similar band of l05 cm ~, but no over-
tones. A strong band at 166 cm - would in d icate a la rge deviat ion from the

• symmetric form of the I 3 molecule. The band at 204 cm~~ is assigned to the
carbon-te llurium~ mode which is shifted up from its position at 198 cm~~ in
uncomplexed NDTe.

THE ELECTRONIC PROPERTIES

- . The complexes of the naphthalene dichalcogenides with iodine are all shiny
crystalline solids with colors rang ing from silvery grey to black. Only NDSe-
iodide and NSeS-iodide form needlelike crystals of a length suitable for performing
four-probe resistivity measurements. However , as yet we have been able to make
suitable contacts only on the diselenide complex. Silver paint with a variety of
solvents, indium-mercury amalgam and aquadag all produced two-probe resis-
tances with crystals and compactions of the other complexes of order 10” 12.
Since such impedances were unsuitable for the voltmeters and current sources at

• our disposal , we are unable to say whether this value is the intrinsic resistance or
contact resistance.

• 
— With the complex NDSe-iodide, however , we have been able to make contact

to both single crystals and compactions using indium-mercury amalgam. Even
in this case the contact resistance is disturbing ly high , at — 106 (2. The resistivity
of NDSe-iodide comçactions was — l0~ (2 cm, and of single crystals — 10 (2 cm.
The temperature dependence of the single-crystal resistance revealed an e-
ponentially activated behavior , with a semiconducting energy gap of (0.46 ± 0.05)
eV (see FIGURE 4).

The magnetic susceptibility of NDSe-iodide was measured from 4’K to 300’K ,
using a Faraday balance. Apart from a small Curie-like tail , which we attribute to $
about 0.1% concentration of impurities and defects, the susceptibility is tempera-
ture independent , (—2.48 ± 0.04) x iO~ emu/mole, consistent with the be-
havior expected for a semiconductor with the above band gap. Since the value
obtained is considerably more diamagentic than the prediction of Pascal’s con-
stants (—2.14 x 10~~ emu/mole),4° we made room-temperature measurements on
all six neutral donors (TABLE 3). It is apparent that this extra diamagnetism is
present in all the neutral donors, particularly the mixed ones. Such departure from
the prediction of Pascal’s constants can be attributed to the five-atom hetero-ring,
for which no corrections are available. The large excess diamagnetism in the
mixed species (NSeS, NTeS, and NTeSe) might possibly be due to electron de-
localization from the orbitals of the heavier atom , into unfilled orbitals of the

____________________________________ - —~~~— .•—• —— — 
—I—— .. - — —. -•—-;--.———— -—-

~
—-- — - I ~~~~~~~~ 

•~
• — —•—



1• - 

_ 
—- - _ _

392 Annals New York Academy of Sciences

I I I

300
R(T)

R(300)
100

0

3 0 -
.

S

3 .  -

I I I I
- 3.0 3.5 4.0 4.5 5.0 5.5

I000/T (K ~~)

FIGURE 4. The resistance of two crystals of NDSe-iodide, plotted as the ratio of the
room-temp erature value vs. inverse temperature. The line corresponds to an energy gap of
0.46 eV.

lighter one. Until detailed molecular orbital calculations are done for these mate-
rials this hypothesis cannot be put on a theoretica l foundation .

The ionization half-wave potentials of certain of the naphthalene dichalco.
genides were obtained by cyclic-voltammetry vs. s.c.e. in acetonitrile solution. The
results are summarized in TABLE 4. There is a clear trend to reduced ionization
potential with heavier heteroatoms, and the value for the mixed dichalcogenide
NSeS lies between those of the disulfide and the diselenide. NTeS and NTeSe are
not sufficiently soluble in acetonitrile to obtain results for comparison , and other

• TABLE 3
THE STATIC MAGNE TIC SUSCEP TIB IUTIES OF THE Six NEUTRAL DONORS: NDC’

Discrepancy
Measured Pascal ~ (meal.)

Suscept ibili ty Predict ion — x (Pascal)
Compound j~ (meas.) x (Pascal) —

NDS — 1.5 1 —1 . 15 —0.36
NDSe — 1.54 —1 .3 1 —0.23
NDTe — 1.88 —1 .59 —0.23
NSeS — 1.71 — 1.23 —0.48
NTCS — 1.83 — 1 .37 —0.46

• - -~~ NTeSe — — 1.45 —

- • ‘The measured results are compared with the predictions of Pascal’s constants 40 showing
- - 

- 

- an excess diamagnetism which is attributed to electron delocalization in the heteroatom ring.
(All in unIts of l0~~ emu/mok)
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solvents are being tried. The results of these studies, as well as of other physical
measurements on this series of neutral donors and complexes, will be presented at
a later date.

- CoNcLusioN

The six NDC’s comprise a complete set of closely related organic donors. We
have outlined novel synthetic procedures for five of the six compounds that en-
able them to be produced in good yields. X-ray structural analysis shows that
naphtho [l ,8-cdj-l ,2-selenathiole packs with the molecules stacked face-to-face in
an eclipsed configuration.

Clearly, physical characterization beyond the preliminary conductivity, sus-
ceptibility, and vibrational spectroscopy described here are desirable. We are
currently pursuing these measurements as well as the structures of the neutral
materials remaining and their iodine complexes. These and other data are being
accumulated in the hope of gaining a coherent picture of how heteroatomic substi-
tutions in donor molecules affect the crystal structures and solid-state properties

.: of charge-transfer salts. We are also exploring the generality of the synthetic tech-
niques used in the preparation of the chalcogen bridged naphthalenes , in an
effort to obtain other novel electron donors.

TABLE 4
THE HALF-WAVE OXIDATION POTENTIALS FOR THE NAPHTHALEN E DICHALCOGENIDES ’

NDS NDSe NDTe NSCS NTeS NTeSe j
0.86 0.76 0.45 0.80 —t —t

‘The half-wave potentials were measured vs. s.c.e. in acetonitrile.
tlhesc materials are not sufficiently soluble in acetonitrile.
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ION-RADICAL SALTS OF TETRATHIOTETRACENE *

L. C. Isett and E. A. Perez-Albuerne
Research Laboratories

Eastman Kodak Company
Rochester . New York 14650

INTRODUCTION

A large numbe r of conducting cation-radical salts have been prepared with
tetrathiotetracene (TTT). The synthesis and purification of TTT are reviewed in
this paper , and some new single-crystal resistivity data on TTT are reported;
single-crystal resistivity values as large as I x iO~ ohm-cm have been obtained
by several gradient sublimitations. The series of TTT-X (X — Cl, Br , I , SCN)
shows interesting systematic trends in compressed powder resistivity and infrared
absorption spectra suggesting some of the important chemical parameters in the
synthesis of highly conducting organic solids . Detailed studies of single-crystal
samples of 11’1’2 13, including crystal structure , electrical resistivity, static mag-
netic susceptibility , and thermoelectric power , show that it is an organic metal
(p(300 K) — l0-~ fl-cm), yet does not exhibit the full metal-insulato r transition
characteristic of other organic metals (p(lO’K) ~ 5 x lO~~ fl-cm). These obser-
vations arc related to lattice disorder and interchain coupling.

Tetrathiotetracenet (TT1’) is an organic donor molecule that forms highly
conducting, cation-radical salts with many acceptors. The properties of UT place
it in-the class of “building blocks” of organic metals along with tetrathiofulvalene
(1’TF), tetracyanoquinodimethanc (TCNQ), and TNAP (tetracyanonaphth-
oquinodimethane). In comparison with TTF and TCNQ, less work has been re-
ported on ITT to date, but interest is increasing because of the availability of
single crystals of a number of highly conducting TTT cation-radical salts.

SYNTHESIS AND PHYSICAL PRoPERTIEs OF TETRATHIOTETRACEN E -
.

1TI’ was first synthesized by Marschalk ’ and may be prepared rather simply
by a number of different routes,2 the most obvious being a direct reaction of sulfur
and tetracene in boiling trichlorobenzene. Two alternative approaches are indi-
cated in FIGURE 1. TTT is obtained as a green , relatively insoluble powder that
may be recrystallized from trichlorobenzene or nitrobenzene. It may be purified
by vacuum sublimitation , either gradient or direct . The molecular structure of
i’ll proposed by Marschalk and Stumm 2 has been confirmed by x-ray diffrac-
tion studies of TTT~ and two cation radical salts of ITT.”

‘Manuscript received June 13, 1977 .
- 

- tlhe naming of tetrathiotetracene has continued to pose problems in the literature. The
- 

- accepted IUPAC nomenclature is naphthaceno(5,6-cd: II , 12-c’d’Jbis(1,2j dithiole, from
- - 

— which one group has generated NB DT.’ Tetrathionaphthacene (abbreviated as TIN)’7 has
— also been used to describe the same molecule. Marschalk used the name tetrathiotetracene,

and it seems reasonable to follow his lead.
395
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-
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Tefrocene + S2C12 TTT

Cl -

i~~i i ~~iI~i + S -
~~ T T T

Cl
FIGURE 1. Synthesis of tetrathiotetracene.

Marschalk and Niederhauser 7 prepared several cation-radical salts, but it was
Matsunaga 5 who first noticed that highly conducting cation-radical salts could be
prepared based on ITT and also observed that ITT itself was surprisingly con-
ductive (p — I x 10’ U-cm). Matsunaga suggested that this high conductivity
may be due to the presence of cation radical TTT~ formed by oxidation with air.
The activation energy for conductivity in TTT was quite low (—0.23 eV) in these
initial observations, consistent with the presence of acceptor levels that are pro-

- ducing the cation radical T~ F4 .
TABLE I lists some of the measurements of the resistivity of TTT. The data arc

divided into classes based on measurements on compressed power, vapor-
deposited thin films , and single crystals. Very high resistivities 

~~~~ 
lO b fl..~m) have

been claimed for thin-film configurations,” but the observations of Silins and
Taure ’2 suggest that these very high values are due to the formation of blocking
ITT-metal contacts. In the absence of any information , it must be assumed that
the thin-film measurements were of the two-probe variety. - 

- 
-

In the hope of monitoring the purification by recrystallization and vacuum
sublimation of ITT we have measured the single-crystal resistivity of TTT grown

-~,

TABLE I
ftBsIs rIvITY or TETRATHIOTETRACENE

p( 300 K)  ohm-cm E ,
5.6 x lO’ &32 compressed (powder) Ref. 9
1.0 x 10’ 0.23 compressed powder, Ref. 8
8.5 x I0~ 0.22 compressed powder, Ref. II
2.0 x tO’ 0.21 compressed powder, Ref. 10
1.3 x 10’ 0.29 thin film , Ref. I I  

-1.5 x 10’ 0.35 single crystal, recrystallized
from nitrobenzene, this work

3.0 x 10’ 0.37 single crystal, recrystallized from
nitrobenzene, two gradient

- - 
.- sublimations, this work

l.0 x l0~ 0.45 single crystal, three gradient .~~~~
- -

- — 
~~

- - sublimitations, this work - - -

~_)~

-~v - ~~- - -~ ~ _t
-

~~~~~ 
-, 

— — — 
~~~~~~~ 
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• from solvent recrystallization (nitrobcnzene) and gradient sublimation. The
results of this work are also shown in TABLE I and FIGuRE 2. An unfortunate
complication is that powder diffractometer data from our materials suggest a
mixture of two crystal structures different from the published crystal structure,3
but in agreement with the work of Marschalk. Marschalk identified two crystal
structures of T1’T from x-ray powder patterns. ’3 There exist , therefore, at least
three crystal structures of ITT, only one of which has been fully determined. Our
data show that significant improvement in purity is achieved by multiple-gradient
sublimation , as indicated by the resistivity. The highest values of resistivity and
activation energy are obtained for ITT in which the recrystallization step was

I I I

- /Qw O.46eV Cc )

- / O~0.37eV(b)

10 - Q~~O.35eV (O) -

FIGURE 2. Resistivity of single-crystal ,~ - -tetrathiotetracene. (a): Recrystallized ~from nitroben zene; (b): recrystallized ~from nitrobcnzene, two direct sublima- ~S -

tions, one gradient sublimation; (c): raw
tetrathiot et racene, th ree gradient sub-
limations. 0

TE TRAT H IOTETRAC ENE
- SINGLE CRYSTAL

i0~~- .

I I I I I
4~ ~O 6.0 a I0~~

- 
-

omitted and only sublimation was employed for purification. This value is still
considerably smaller than the band gap determined from optical measurements or
photoemiuion (1.7 eV—2.O eV).” Although we believe that much of the increase
in the resistivity is due to the increased purity of the i’ll samples, a contribution

- 

- 

because of changes in crystal structure cannot be ruled out.

- 

- 

:~~± IoN-RADIcAL SALTS OF TETRATHIOT ETRACENE

- - - Many conducting, cation-radical salts containing ITT have been synthesized,
and some representative data are listed in TABLE 2. The low sotubility of TIT and

~~~
- — - 

-
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TABLE 2
REPR ESENTATIVE POWDER RE5I5-nvrrY DATA

Anion Cation:Anion p, ohm-cm Reference
• C1 1:1 2.3 x 9

Br 1:1 5 .O x lO  9
l 1:0.88 0.7 9
SCN - 1:0.7 4.3 9
S04 1.7 x IO~ 16

• Fe(CN)6 3 3:1 2,0 x 102 16
• .~~ ,COOH

II l :l 4 . O x l O  l6
44•~~~ ’ 

~~~~~~~~~~~~~~~

HOOC C00
“C — C ” 2:1 4.0 x 10 16

H’ “H
H
\ /

COO~
5 . O x l O  16

HOOC H
TCNQ~ l : 1 1.5 17
TCNE 3:2 102 17
TNAP~ 1:1 0.3 17
PIC4S4(CN)4 1:1 3 17
o-Chloran il . 3: 1 3 8
HS04 1:1 1.0 x 10 2 10
TCNQ 

- 

1:2 I 19
13 2:1 1O ’ 21

(single 6
- crystal) j -

the rather small solubility even in solvents in which it is soluble limit the ap-
proaches available for the formation of ITT salts. The method that works in the
largest number of cases involves metathesis of T1’T and acceptor salts. Suitable
starting materials are TTT 1 (acetate) and TTT ’(dichloroacetate) , both of
which are appreciably soluble. The formation of III salts by direct reaction is
possible in some cases, although reactions reported to date involved nitrobenzene
or trichlorobenzene.

TABLE 3
RESIsTIVITY , ACTIvATION ENERGY , AND THERMOPOWER OF
TETRATHIOTETRACENE HAUDE AND PsaunoHAuDa SALTS

p(300 K) E~(eV) S(gtV/K)
ITT-Cl 23  x 10’ 0.29 —2 10
TTT-Br 5 . O x I O 0.11 +10
ITT-I 2.1 x t O’ 0.06 ÷80 - . 

- - -

1TI-SCN 4.3 0.06 ÷40
— po cap (E ~/ kT)

- — 
-
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TTT-I 

~~~~

-
~~~~~~~~~~~~~ 

_
I -~~~~~ 3000 2000 000

o ~~ 
(cm) ’

4000 3000 2000 ~ 00
\,M~venumber ~~~~~~~

FIGURE 3. Infrared absorption spectra of i’ll, and TTT-X (X — Cl , Br , 1, SCN) (KBr
wafers).

- -

-
~ - ~~~ 

o.Ie.4oA
C. 18.32A

FIGUR E 4. (010) projection of the crystal structure of ITT2 13 as determined by Smith

— 

and Luu ~ Note the short S-S contact which may prov,de intercha in coupling
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TABLE 2 contains some very interesting data, particularly the rather hig h con-
ductivities obtained with organic acids, but we shall focus our attention on the
halides and pseudohalide (SCN) that formed the basis for an earlier study. 9

TABLE 3 contains additional data on the ITT-halides. For these materials the
stoichiometry values are near 1:1. It is indicated that the iodide and thiocyanate
are anion-deficient , and this observation is reminiscent of the tetrathiofulvalene
(TTF) halides, for which very detailed information is avail able .

The iodide and thiocyanate possess large conductivities and small activation
energies in com pressed powder form , and it is possible th at single crystals w i ll
exhibit ‘~metallic” behavior , at least near room temperature.

A systematic variation in infrared absorption spectra is observed in this series,
as shown in FIGURE 3. These broad electron ic absorpti on bands are observed in
many highly conduct ing organic solids . In the original work on the ITT-halides
it was pointed out that there is an obvious trend in the absorption with changes
in the conductivity; the absorption deepens and moves to smaller wave-numbers.
A simil ar trend has been observed by Wheland and Gi llson ’1 for a series of ITT-
TCNQX (X — F2, Cl2, ‘2, Br2, CI , Br) salts.

SINGLE-CRYSTAL DATA ON ION-RADICAL SALTS OF TETRATHIOTETRACENE

Data such as descr ibed above, obtained on powder samples, are in teresti ng
but generally defy detailed interpretation and understanding. Information on 

--single-crysta l salts involving tetrathiotetracene is considerably more limited. Bray
el a/. l$ have recently reported on ITT12 NiS4 C4 H4 (1), which has a room-
temperature single-crystal resistivity of —3 x 10-2 fl-cm. The crystal structure ,4
resistivity data , and magnetic susceptibility of (TTT)(TCNQ)2 19 (2) have been re- *

ported. In both these materials the TTT interplanar spacing along the conducting
stacks is rather large, being 3.63 A in (I) and 3.52 A in (2). In (TTT)(TCNQ)2
it is likel y that conductivity along both donor and acceptor stacks is important.

TABLE 4
RESONANCE RAMAN SPECTRA (cm - I ) OF

OVERTONE PROGRESSIONS OF IODINE SPECIES

12 (Hexane) l 3 (PVA matrix) ITT2 13
(Intensity) (Intensity )t ( 1ntensity)~

— lO8 v; (symm. stretch)(100) IOg( lOO)
2 l l p ,( l0O) 2 1 6 ( n — 2 , v, ) 28.4 2 17 (29.2)

322 (n — 3, ,~) 9.9 326 (9.4)
422 (n — 2)(56.6) 430 (n — 4, v,) 3.9 433 (3.5)

— 545 (1.6)
631 (n — 3)(24.3) —

plus out to
it — 20 overtones

Kiefer , W. & H. .1. Bernstein. l973. J. Raman Sped . 1:4 17 .,, intensities defined as 100.
ttnagaki , F. et a!. 1972. Bull. Chem. Soc. Japan 45:3384. Gleizes, A. cv a!. 1975. J .  Am.

Chem. Soc. 97:3545.
IThis work; 4880 A laser excitation. Trotter , P. .1. Unpublished.

—
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FIGURE 5. Resistivity of ITT2 13 along b axis, plotted as log of normalized resistivity 4p( T)/p( 300) vs. I / T, f or a typical crystal; error bars indicate observed scatter.

Samples of(2) show a great deal of disorder; magnetic susceptibility data indicate
a 3—4% spin ~Curie term at low temperatures. ’9’20

A mixed-valence, ITT-halide compound, (ITT)2 13, has attracted the interest
of several research groups, and at present this is the ~best characterized (TfT) -

conducting salt. ITT2 13 has been prepared by two synthetic approaches: (I) di-
rect reaction in nitrobenzene,6’2’ and (2) reaction of I1’l’ and 12 in the vapor
phase.~ Preliminary comparisons indicate significant differences between T1’T2 I 3
prepared by these two methods. Buravov ci a!.6 have reported obtaining TTT~ I 

-

by direct reaction in nitrobenzene, but give few details.

PROPER TIES OF ‘I1’1’2 13

An (OlO) projection of the crystal structure of TTT2 I3, as determined by Smith
and Luu,5 is shown in FIGuRE 4. The TTT interplanar spacing in this structure is
3.32 A. The closest sulfur-sulfu r distance on adjacent molecules is 3.73 A, and
a short S. . . S (3.37 A) contact may provide some interchain coupling. The
iodine atoms lie in chains parallel to b. The iodine sublattice is disordered by a

- - , statistically random mutual shift of the iodine columns along their longitudinal
axes The Iodine atoms are present as truodide anions Resonance Raman data,

_ _ _ _ _  - - .
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listed in TABLE 4, shows excellent agreement with published 13 spectra. From the
resonance Raman data , less tha n 2% of the iodine is present as 12. The crystal - .

structure of Smith and Luss is essentially identical to that obtained by Buravov
ci a!. The significant difference is that Smith and I,.uss report that a substantial
fraction of the 13 lies on a lattice incomm ensurate to the TTT sublattice, having
a b axis lattice constant b’ = I .92b. The incommensurate sublattice was not re-
ported in the work of Buravov ci

The resistivity vs. temperature , measured along the b axis of ITT2 13, is shown
in FIGURE 5, and points out the most interesting observation concerning ITT2 13~
namely, the very high level of conductivity obtained at low temperatures. The
data given are from a typical crystal that fall close to the observed average
behavior. Error bars indicate the scatter above the average value. The room-
temperature resistivity is about I0~~ fl-cm. Approximately similar results have

T K
100 50 40 30 20 tOa I I

8
8

•

o
—l - 0

0 
~~~~~~~~~ W

,lJIF
”
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o
~~~~ a00oo ooo o o o  0 0 o

- + 1  -

- x

r
0

Xp~~oi
—3 -

I I I I I I I I I
0 I 2 3 4 5 5 7 5 9 I0a1O~

I/I
FIGURE 6. Static magnetic susceptibility of TTI’2 13, plotted vs. l/ T.  Scale on left

- - . 
.~ 

-~ gives the total measured x; scale on righ t gives ~ corrected for core diamagnetism s — raw

;. -~ data; o — corrected for Curie tail due to —0.25% spin4 impurities.
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FIGURE 7. Measured b-axis thermoelectric power ofTTT 2 I 3 as a function of temperature.

been obtained on solution-grown crystals by Mihaly and coworkers,2’ although
their crystals are consistently more resistive at low temperature and show a smaller 4

value of p( 3OO) /p m~ . It was the very high conductivity at low temperature which
led us to suggest that no metal-insulator transition occurs in T1’T2 13. 

3Recent measurements of the magnetic susceptibility and thermoelectric power —

demonstrate that at low temperatures ITT2 13 is behaving in an anomalous
manner. The magnetic susceptibility ofTTT2 I3, measured with a Faraday balance ,
is shown in FIGURE 6, where the magnetic susceptibility is plotted as a function
of lI T .  The susceptibility is roughly constant for 100K < T < 300 K, and at
about 50K exhibits a definite change in slope, followed by a minimum and a
Curie-like tail at low temperatures. The low-temperature Curie tail may be re-
moved to yield the data shown, implying that at T — 0 ITT2 )3 is still paramag-
netic. The Curie-tail corresponds to about 0.25% spin ~ impurities. A similar

- - 
paramagnetic term at low temperatures has been reported in the magnetic sus-
ceptibility of TTF, -x TSCFX TCNQ.~ Magnetic susceptibility measurements on

~~~
. ~~~~~~ 1TI’2 I3 synthesized from nitrobenzenc (Mihaly, private communication), shows

quite different behavior from our data , and in particular for T < 30K show
~~~~

- - h.— -’
.
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x — 4/T where a ~ 0.61. No sharp transition , as seen in our data at ~- 50°K ,
is observed.

The thermoelectric power of ITT2 13 measured in the b direction on single
crystals grown from the vapor phase is shown in FIGURE 7. The thermopower is
positive, as expected, and rather large (33 pV/K) at room temperature, decreasing

I I I
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roughly linearly through a broad minimum at T — 100 K and passing through a
maximum at I ~ 25 K. In the temperature range studied, no sharp breaks
characteristic of a metal-insulator transition are observed.

It is worth mentioning that in the thermoelectric power and the magnetic
susceptibility data the largest differences between samples of TTT2 13 prepared by
various techniques are observed. The differences in magnetic susceptibility be-
tween the vapor-phase material and solution-grown crystals have already been
mentioned. The thermoelectric power of 1112 13 crystals grown from nitrobenzene
is positive (—20 ,iV/K at T — 3OO’K) 2I ’2~ and essentially constant in the range
100 K < T < 300 K. The most obvious possible difference between samples is in
the iodine concentration. The crystal structure of Smith and Luss implies a range
(ITT - I~) with 1.50 < x < 1.56 for the vapor-grown crystals. Elemental analysis
of vapor-grown crystals favors x — 1.50, while values of x — ~~~~ 1.6,21 and
I P7 26 have been reported for crystals recrystallized from nitrobenzene.

An interesting and related problem in ITT2 13 concerns the magnitude of the
electron mobility along the triiodide chain. One might anticipate that as x in-
creases above 1.5, and the number of iodine-iodine contacts shorter than 3.64 A
between triiodide anions observed by Smith and Luss increases, increased electron
mobility on the triiodide chain would be possible. The change in thermopower
between the vapor-grown crystals and solution-grown crystals is consistent with
this hypothesis.

An understanding of the low-temperature behavior of TIT2 13, and in particu-
lar the presence of phase transitions, will require considerably more experimental
data. This is best seen in FIGURE 8, where we have arranged the magnetic suscep-
tibi lity, conductivity , and thermoelectric power to reveal any common features.
The very clear feature in the magnetic susceptibility data at 50K is completely
missing in both resistivity and thermoelectric power data. This is in contrast to
most other organic metals, e.g. TTF-TCNQ, TTF~-SCN,,,27 and TSeF-TCNQ,
where sharp breaks arc observed in both p vs. T and x vs. T at the same tem-
perature. -
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DISCUSSION

ROBERT C0MÜ: X-ray diffuse scattering by the Shchegolev group on (ITT)2 13
reveals at least two types of l-D ordering of the iodines, with a repeat distance
close to that expected for I 3~ molecules. It means that the iodines are ordered
within each channel , but with little coupling between channels.
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M OLECULAR DESIGN OF SOLID-STATE SYSTEMS.
ORGANIC-METAL COMPLEX i’-DONOR-ACCEPTOR

COMPOUNDS*
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Schenectady. N. Y. 12301

and

G. D. Watkins
Physics Departmen t
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Bethlehem, Pennsylvania 18051

Continuing interest in the physics and chemistry of quasi-one dimensional
(l-D) systems has prompted recent efforts in a number of laboratories to prepare
and characterize new examples of such materials and to develop theoretical and
empirical guidelines that will enable their directed synthesis. As the papers in this
volume demonstrate, considerable progress has been made in both areas. None-
theless, it is clear that there is still much to be learned about the nature of these
materials and particularly how to prepare them in a directed manner.

Our approach to this problem of achieving the directed synthesis of quasi-l-D
materials has been largely an empirical one and has focused on the identification
of characteristics associated with individual molecules that might be used in a
predictive way to determine the likelihood of forming a quasi-l-D conductor.
We have chosen , as a focal point for our synthesis efforts , crystalline i-donor-
acceptor (r-D-A) compounds , where columnar stacking of the constituent planar
molecules can result in extended i-orbital interactions along one direction in the
solid. As the i’-acceptor unit for these studies , we have used a homologous series
of planar metal-organic compounds known as the bis-dithiolene metal complexes
(FIGURE l) . I In addition to an overall planar molecular geometry, these corn-
pounds exhibit a number of characteristics that make them particularly attractive - *

as s-acceptor units for such a study. These include an ability to undergo reversi-
ble electron-transfer reactions to yield stable species with unpaired electrons in
highly delocalized orbitals of i-symmetry, the existence of species with sufficiently
high electron affinity to remove an electron from a wide variety of organic donors ,
and , in general , good solubility and stability in organic solvents. Perhaps most
importantly, however, these complexes possess a considerable degree of structural
flexibility, available through changes in the metal (M) and the ligand substituent
(X), which can be varied in a systematic way to study the effects of molecular
features on solid state structure and properties.

‘Supported in part by a grant from the Ai r Force Office of Scientific Research (AFSC),
United States Air Force, under contract F 44620-76-C..0006. Manuscript received June 13.
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F I G U R E  I . Molecular structure of the bis(ethy lene- l ,2-dithio lene) metal complexes,
where N can be a variety of elements from the d transition series, X • various ligand
substit uents such as H , CH 3, C6 H 5, CF3, CN , etc., R~ • organic or inorganic cations , and
n — O , l , 2.

Our efforts to explore the consequences of such variations are still in progress;
however , the results that we have obtained thus far do indeed suggest that pro-
found changes in both the crystal structure and properties of the D-A compound
can be produced by relatively subtle variations in these molecular features. In
particular , it appears that substituent groups on either the donor or acceptor
molecules can influence the crysta l structure and solid-state properties not only by
determining the way in which the molecules can pack together most efficiently
but also by their effect on the tendency of the molecules to give up or accept
electrons in the solid-state environment (i.e., the effective D ionization potential
and A electron affinity). In the case of the bis-dithiolene metal complexes, it is
possible to vary the electron affinity , as measured by - solution redox potential
data ,’ over a wide range through changes in the ligand substituents and thereby
to study the effect of this parameter in a fairly controlled manner. Our preliminary
results seem to support previous suggestions 2 that a close balance between the
effective, in situ, ionization potential of the donor and the in situ electron affinity
of the acceptor is needed in order to obtain highly conductive, 1:1 , w-D . A corn-
pounds and suggest further that solution redox potential ds~ta might serve as a
useful guide to the choice of appropriate D-A pairs. This possibility is currently
being explored further in experiments with other D-A combinations.

In the course of this study we have prepared a number of new w-D . A corn-
pounds that exhibit interesting structural , magnetic, and electronic characteris-
tics.~ ’ These include the first I -D antiferromagnetic systems to exhibit the theo-
retically predicted spin-Peierls instability, a lattice dimerization that is
apparently driven by the l-D magnetic spin system.7

TTT,~ NiS4C4 H4

The most recent addition to this family of organic donor-bis-dithiolene metal
complex acceptor compounds is a material obtained from the interaction of tetra-
thiotetracene (ITT) and nickel bis(cthylcne- I ,2.dithiolene) (NiS4C4H4) which

- - - 
has the empirical formula TI’T,~2 NiS4C4 H4.’ Tetrathiotetracene (FIGuRE 2) is

• 
— an organ ic donor molecule that has been shown to react with various organic

and metal complex acceptors to yield t D A compounds with widely varying

A.

- 
. 
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conductivity characteristics. It has been combined with the bis-dithiolene complex
NiS4C4(CF3)4 to give a material with a 1:1 D:A stoichiometry .’° The properties
of this compound are suggestive of a simple salt containing the TTT~ and
NiS4C4(CF3)4 with essentially localized unpaired electrons on each unit. The
conductivity is extremely low, measu red at <10-10 ohm - cm - as a pressed
pellet.

With TCNQ, TTT gives both 1:1 and 1:2 (TTT(TCNQ)2J derivatives.~~
2 The

conductivity of the former has been reported to be — I ohm *m 1
, whereas the

1:2 derivative gives somewhat higher value (20—160 obm~~cm ’) at room tem-
perature (o aT) which increases on cooling to maximum of — 2 —

~~ 3.5 X URT
at around 90 K. The structure of this latter compound has been determined
and shows separate stacks of TTT and TCNQ units with a 3.52 A intrastack sepa-
ration for the TTT units.

Various compounds of ITT with halogens and pseudohalogens have also
been prepared which exhibit conductivities up to 1.4 ohm _ i cm -‘ as pressed
pellets. 13 Recently one of these compounds, TTT2 I 3, has been obtained in the form
of single crystals and has been characterized structurally and by means of con-
ductivity and magnetic susceptibility measurements. 14 .15 The conductivity at room
temperature (— 1000 ohm ‘cm~~) is among the highest yet observed for an
organic system. It increases further on cooling to —3 x U RT in the vicinity of
60’K , whereupon it goes through a broad maximum and gradually decreases at
lower temperature. The crystal structure solution shows an apparently uniform
stacking arrangement of ITT units with an interstack separation of 3.32 A.

As such, TTT is one of the newest and most promising organic systems to
receive attention as a potential source of l-D conductor materials and a much
more thorough investigation is its behavior with various s-acceptors is clearly
called for.

The compound TTT12 N1S4C4 H4 was prepared both by direct combination
of the neutral components in organic solvents and by a metathesis reaction in - -

acetonitrile using (TTT)~’SbF6 and (C2 H 5)4 N ’  NiS4C4 H4 .  The latter proce-
dure also can be used to obtain the analogous Pd and Pt derivatives that appear - -

lo be isostructural with TTT,2 NiS4 C4 H4 (on the basis of x-ray powder diffrac-
tion data) and to have similar magnetic and electrical properties; however, at-
tempts to prepare single crystals of these derivatives thus far have been un-
successful. Likewise, several attempts were made to obtain the analogous
TTT1~ CuS4C4 H4 compound using the above metathesis procedure, but in each
case conversion to ITT° and unidentified CuS4C4 H4 oxidation products was
evidenced.

FIGuRE 2 Molecular structure of tetrathio-
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Sing le crystals of the TTT 12 NiS4 C4 H4 compound measuring typically 1.0 x
0.1 x 0.02 (mm) were prepared by slow cooling of hot chlorobenzene solutions - .

containing a 1:2 molar proportion of ITT to NiS 4 C4 H4 . Hig her proportions of
ITT to NiS4C4 H4 gave another phase which had a higher ratio of ITT and a
much lower conduc tivity (— 10 3 ohm - 1cm - I

, for a crystal). Solutions containing
a fur ther excess of NiS4C4H4 gave onl y mix tures of the TTT12 NiS4C4H4 phase
and NiS4 C4 H40. Crystals of TTT 12 NiS4C4 H4 were also successfu lly obta ined
from a controlled current (0.75 Mamp) electrolysi& at a Pt cathode of a I: I mix-
ture of (TTT)~~SbF6 and NiS4 C4 H4° in acetonitri le using (n-buty l)4 N 4 A s F 6
as a supporting electrolyte . In our hands , th is method y ielded crystals poorer in
quali ty and smaller in size than those obtained by slow cooling from chloro-
benzene solution .

This new material has been studied by means of x-ray diffraction , magnetic
susceptibility, EPR , dc conductivity, and ther mopower measurements and shows
some features that appear to be unique among ITT derivatives and s-D . A com-
pounds in general.

The crystal structure (see FIGURE 3) may be conveniently viewed as involving
two separate orthorhombic subcclls for the two molecules with a1 — 2a N (I ~
ITT and N • NiS4C4 H4), b1 — 2bN , and c1 = cN/ 2 .4. Thus , in any given crys-
tal volume there are 1.2 T molecules for every N molecule. The complete struc-
ture has not yet been refined , but the structural parameters are known sufficiently
well to specify the molecular arrangement. A projection of this structure on the ab
plane is shown in FIGURE 3 in terms of the smaller subcell appropriate for N , for

$ 

$ 

$ 

s~~~~~~~~~s

-

~~~~~~~~ ~_~~ I*
FlouR s 3. A projection of the TTT,2 NiS4C4 H4 structure on the ab plane of the

NiS4C4 H4 subceH (aN — 12.73 A, b~1 — 22.13 A). i indicates positions of the Ni and the
approximate positions of two of the S atoms o f t  e N S4C4 H4 unit . These S atoms lie,
respectively, above and below the Ni in the actual structure .

— — - -. 
-
~~~~~~~~
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-

- CL _a: l2.73
-C •S ‘Ni

- 
FIGURE 4. A projection of the N — subccll on the ac plane showing the relative orienta-

• 
- tion of the NiS4 C4 H4 units within this plane. The directions of the principal g
- values , g1 and g2, characte ristic of the individual N — units are indicated; g3 lies perpen-
- dicular to the plane of the molecules and parallel to the crystallographic b axis .

- which 0N — 12.73 A, bN — 22. 12 A, and CN — 8.73 A , space group C222 1, with
Z — 4 N’s and 4.8 T’s. The I molecules are stacked along the c axis with uniform
spacing CT — 3.6 A and are almost parallel to the ab plane. The N molecules are
para l lel to the ac plane as indicated in FIGURE 4. There is no stacking of N mole-
cules, nor are there any close contacts between them. The I chains are separated
by at least 4.4 A (closest carbon-carbon distance in a direction). The needle axis
of these crystals is coincident with the c axis (TTT stacking direction).

The magnetic susceptibility ~ was measured by the Farada y method on an
unorien ted collection of these crystals. The results show Curie- Weiss paramagnetic
behavior with an antiferromagnetic Weiss constant 0 ~~ —5.YK , indica t ive of
localized spins. The magnitude of the Curie constant C is essentially that expected
for one g — 2, 5 — ~ electron per TTT11NiS4C4 H4 formula unit. Since the -r
and N molecules have closed-shell electronic structures, complete one-electron
transfer should produce unpaired spins on both the resultant T + and N ions.
Therefore , the magnitude of C indica tes that only half of these spins app ear as
paramagnetic spins.

The location of these spins on the N - units is suggested by the results of EPR
measurement s carried out on a single crystal of this compound. A single, intense

• EPR signal was observed over the temp erature range — 300 K —‘ I .7 K. The prin-
cipal values of the g-tensor are essentially temperature indep endent over this

- - l range and arc completely consistent wi th expectat ions for weakly exchange
- coupled N - units in the two orientations found in the crystal-structure determina-
- 

lion (Fiouas 4). There is no evidence of any contribution from T~ unpaired spins,
either as a separate signal or via exchange coupling with the N - spins. We con-
clude from these measurements and the crystal structure that complete charge
transfer has occurred in the solid state from the T to the N units but that only

~

? -:;;:-

~

-1 the N - subsystem contributes to 
~~

.

~~~
‘ The absolute thermopower S was measured along the c-axis as a function of

— - — -~ 
. 

-~~ — -- -~~~~~ 
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temperature on three single crystals of TTT,2 NiS4C4 H4 with a gold-advance
thermocouple affixed to each end by silver paint. 4 The resuits (FIGURE 5) indicate
a very small (S — + 1.5 ~ I NV/K) and essentially unchanging thermopower be-
tween — 180 and 300 K. Below 180’K , the behavior varies somewhat with the
sample and its thermal history; however , in all cases a rapid decrease of S to large
negative values was eventually observed .

The dc conductivity was measured by the four-probe method on several single

‘ 

crystals along the c-axis, and typical results are plotted as log u vs. i/I in FIG-
URE 6. The conductivity is thermally activated over the entire temperature range,
with an activation energy ~ — 0.11 cv in the vicinity of I 50K (denoted by the
dashed li ne). The conductivity reaches —30 ohm ‘cm -l at room temperature and
continues to increase, but more slowly, with increasing temperature up to the
point of thermal decomposition(— 180’C). A plot of d(ln R)/ d(l/ T) vs. I shows
a very broad peak (— 50K wide) centered at — I 50 K. Such a peak may indicate
the onset either of some in tercha in cor relation or of extr insic sem iconducti ng
behavio r due to defects and impurities (which would decrease ~). The breadth of
this peak plus the absence of a peak in d ( R ) / d ( l / T)  vs. I repudiate the existence

• of any true 3-D phase transition .
We believe that the concept of a periodic distortion of the TTT chai ns at all

temperatures best explains these observations. One likely source of such periodic
chain distortion is the PeierIs~ instability ,’7 which we may characterize for our
system as follows. Because there are 1.2 T molecules for each N molecule and there
is complete charge transfer from T to N , on the average each of the T molecules
has lost ~ of an electron. Assuming that the usual tight-binding band with two

IC I

S ~~ -t

0 100 200 300 400

4.
-

- $~~ n T

1TT 12 —NI S4C4H4
—2 - -

Fiouu 5. The absolute thermoelectric power, or Seebeck coefficient , for ITT, 2 .
-  N1S4C4 H4 (c.axis). The hatched area included all the values obtained for three sam-

-  pIes. The spread indicated at lower temperatures includes both sample-to-sample variations
- 

. - . 
- 
J - . .. •  and changes that occurred upon heating the sample and its silver-paint contacts above room

~~ 
-  temperature.
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Fiou~s 6. Conductivity (u) along the
c-axis direction of a typ ical ITT1.1-
NiS4 C4 H4 crystal as a function of tern- 

~ ~.l
perature. The dashed line denotes the re-
gion of maximum slope of log , vs. I / I ,
with an activation energy ~ — 0.11 eV .

\ -

iO5 1 1 1 1 1 1 1  I
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P/T (l03/ ’K)

states/molecule is responsible for conduction along the I chains , the ba nd is thus

~ filled. Since a Peierls distortion of periodocity mc1 (where c1 is the undis-
torted chain periodicity) creates gaps at band fillings n/ rn . (n — I , 2 , .  . . , rn — I),
a Peicrls distortion would have periodicity l2cT in th is system. We also note th at
since CN/ CT — 2.4, the N and I subsystems are in registry along the c axis at
every twelfth I molecule (i.e., the true cell has a c-axis dimension of I2CT) (See
FIGURE 7). The periodic crystal field associated with this registry periodicity could
also produce a distortion of this same period in the I chains. This effect and the
Peierls instability certainly reinforce each other and probably contribute to lower-
ing the attainable conductivity of this system.

There are apparently very few other instances of equivalence of Peierls and
crysta l structure (registry) periodicities among the known examples of I-D con-
ductors. One possible example is a compound of tetrathiafulvalene (TIE) and
thiocyanate (SeCN) with the reported formula TTF 11(SeCN)6. ’8 An examination
of the crystal-structure data given for this material indicates that the TTF and
SeCN substructures should be in registry at every eleventh TTF unit along the
stackIng direction (the true unit cell presumably contains 11 T1’F units along the
staeks). The same kind of analysis of the expected band filling as we have made
for ‘I1’T,~ NiS4C4 H4 would predict a Peierls periodicity also of eleven for this
system. It is perhaps notable that this compound does not exhibit a “metallic”
conductivity temperature dependence and has a conductivity at 280’K of — l3
ohm - ‘cm - ~. This is about a factor of 50 lower than that of the closely related
(TTF),2(SeCN)7 compound,’9 where our analysis indicates a 2:l ratio of the
Peierls and structural periodicities.

- - 
- The difference in the reported conductivities of the presumably analogous 11:6

--  
~

-. and 12:7 TTF:SCN compounds is not quite so large (urn-a — 250I8 and 550’s

- . - -~~~
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ohm ’cm ’, respectively) and in this case both compounds apparentl y exhibit a
metal-like temperature dependence in the vicinity of room temperature; however ,
the close similarity in all of the properties reported for these two phases , as well
as in the structural data given , suggests the possibility that there may in fact be
only one stoichiometry in this case.

It is also appropriate to point out the striking similarities between
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F~ouas 7. A view of the two subcells in the TTT12 NIS4 C4 H4 structure normal to
the ac pla ne, showing the coincidence oi the NiS 4C4 H 4 and TIT subce lls at SC N — l2 c1.

TTT~2 NiS4C4 H4 and the well-known quasi-l-D conductor K 2 Pt(CN)4 Br03 .
3H 20 (KPC). After subtracting out the N -  contribution in III , 2 NiS4C4 H4
the susceptibility of both is quite small or diamagnetic.2° In each case the thermo-
power2’ is small and temperature independent above — l80 K , and decreases

- — 

- - rapidly to negative values at low temperatures. The conductivity behavior is also
- - - very similar , except that KPC peaks at an accessible temperatur e.~
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KPC has been found via x rays and neutron scattering 2334 to have a Peicr ls
distortion with a well-developed intrachain correlation at room temperature. Its
in terchai n corr elation commences at — l 30’K and increases, but remains incom-
plete at T —. 0 K .  It is reasonable to suggest that the same behavior may be ob-
servable with x-ray or neutron scattering in our material , w ith an onset of inter-
chain ordering at — I50 K. A broad bump in the specific heat should then be
present around l50 K , also in analogy with KPC .25

In conclusion , we believe TTT, 2 NiS4 C4 H 4 to be a quasi- l-D , periodicall y
distorted conductor with great similarity to KPC. This material offers an interest-

• ing opportunity to study the Peierls distortion in a commensurate crystal field.
Further studies are in progress to clarify its structure in order to assess further
its relationship to other l-D conductors such as KPC.
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Discussiow

ARTHUR I. EPSTEIN: For the bis(maleonitrile-dithiolate) compounds, what or-
bital does the unpaired electron reside in and does this orbital have considerable
extension perpendicular to the molecular plane?

IN TERR ANTE: I t is the b2, z orbital , which is abou t a — 500/s combination of a
d~, orbital and a ligand u orbital. It is clearly a a orbital and does have consider-
able spatial extent perpendicular to the plane.

EPSTEIN: The degree of mixing of the ligand a orbital with the metal d-orbitals
is important , because it does not mix with the d,2 orbital , though it does mix with
the d~1 and d,~ orbitals which extend perpendicular to the molecular plane. A large
in-plane component of this orbital imp lies a small extension perpendicular to the
molecule which would decrease overlap and hence decrease transport along the
stacks.

INT E RRANT E: True. But the orbital has considerably more spacial extension
perpendicular to the molecular plane than the b2, orbital of TCNQ, which , of
course, produces highly conductive l-D stacks.

EPSTEIN: The conductivity at high temperatures for (TTT),1Ni(S2C2 H 2)2 be-
comes less activated. That type of behavior is also quite consistent with a decrease
in mobility of the materials and a constant energy gap. I would like to point out
that (NMe 3 H)(I)(TCNQ), with a lattice periodicity commensurate with the Peierls
periodicity, displays “metal-like” conductivity at temperatures above 240 K, yet is
actually a semiconductor with an activated carrier concentration and a tempera-
ture-dependent mobility. -

LAWRENCE ISETT: We have discovered (NH 4)Ni(S 2 C2(CN)2)2 . H 20, which
exhibits a powder conductivity of about I ohm ‘cm ‘ at room temperature and a
static magnetic susceptibility consistent with a metallic state. Thus, it appears to be
possible to transport charge along stacks of the Ni(MNT) 2~~ units.
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ELECTRONIC AND STRUCTURAL PROPERTIES
OF SOME BIPYR IDYL IUM2~ (TCNQ)42-

AND REL ATED COMPLEXES

D.D. Eley, 0.3. Ashwell, S.C. Wallwork ,
MR. Willis , and 3. Woodward

Chemistry Department
Nottingham University

Nottingham. United Kingdom

The first paper ’ describing the simple M ’(TCNQ) and complex
M ‘(TCNQ)2 - anion radical salts of tetracyanoquinodimethane, TCNQ, men-
tioned a compaction of the complex salt of the 2,2’-bipyridylium cation as having
a room-temperature electrical conductivity of u~~. — 2 S cm ~~~~ Later Rembaum
ci a!.2 described the preparation and properties of the simple and complex ICNQ
salts of the mono- and di-N-methyl derivatives of l ,2-bis(4-pyridy l)ethylene and
l ,2-bis(4-pyridyl)ethanc. Compactions of the simple salts gave ~~~ — l0~~
S cm ’ and the complex salts 0 RT — 0.2 S cm~~, polymeric derivatives giving
somewhat smaller values than the monomers. in several inStances Hall and
Seebcck measurements were made, which indicated positive holes as majority
carriers with mobilities around 0.1 cm 2 V ’ s ’. Electron spin resonance showed
the paramagnet~sm of the simple salts to conform to the singlet-triplet excitation
model, whereas some of the more highly conducting complex salts showed the
temperature-independent (Pauli) paramagnetism which characterizes metals.
These findings on the di-cati9n salts agree with the earlier electric and magnetic
studies on the monocation salts, described by Siemons ci a!.3 and by Kepler ci al.4

The bipyridy lium di-cations offer many possibilities for chemical modification ,
and form the basis of our present programme , in which , wherever possible, atten-
tion is concentrated on obtaining single crystals, for x-ray structural , electric, and
magnetic studies. It d~~s appear, however, that some of the complex salts, espe-
cially the semimetallic ones, tend to give only microcrystalline products, in which
case our electrical and magnetic work has been limited to compacted powders.
The theoretica l study of W. Little ,5 and the more recent discovery of the semi-
metallic properties of tetratbiofulvalene (TTF)-TCNQ,”7 has given a considerable
stimulus to the program. Our objectives are to relate conductivity to structure,
in this series, and the present paper reviews some of our progress toward this
end.

- METHODS AND MATERIALS~

The complexes were prepared from commercially available pure chemicals by
either 1 reacting an aqueous solution of the di-cation dibromide or dichloride with

-
• 

stoichiometric quantities of LiTCNQ and TCNQ, or reacting the di-iodide di-
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rectly with neutral TCNQ. In both cases the solvent used for the reaction, and
subsequent recrystallization, was warm acetonitrile. The crystals of the radical
ion salt were washed with toluene and ether to remove unreacted TCNQ, the
stoichiometry being established by chemical analysis. The TCNQ-/TCNQ ratio
was determined by the absorbances at 395 and 842 nm. 1 The first complex in
TABLE 1, BP(TCNQ)2 was prepared not only by direct mixing of 4,4’-dipyridyl
and TCNQ, but also by thermal degradation of the hydro , propyl and butyl
diquaternary 4,4’-bipyridy lium salts.9

• TABLE I
COMPOUNDS AND NOMENCLATURE

NCN /=\ ,CN
TCNQ, Tetracyanoquinod imethane 

NC~~~~~ \’-=”~~~~~ CN

I, BP(TCNQ)2 , 4,4 ’Bipyridy lium(TCNQ) 2 N
~~I~~

_.4
~i~~

N (TCNQ)2

II(DABP) 2
~(TCNQ)R 2 - (N ,N ‘-dialkyl-4 ,4 ‘-Bipyridy lium) 2

~ (TCNQ)~
2 -

[R_N _
~~~~,N_R}+ (TCNQ)~

2

lIa n — 4, R — methyl , CH 3 (DMBP) 2
~(TCNQ)42

lib n — 4, R — eth y l, C2 H 5 (DEBP) 2
~ (TCNQ)42 ’

lie n — 4, R — propyl , C3 H, (DPrBP) 2*(TCNQ)4 2 *
lid-n — 4, R — l-propyl , I-C 3 H, (DiPrBP) 2’(TCNQ)42
lie n — 4 , R — benzyl, C6 H 5CH 2 (DBzBP) 2

~ (TCNQ)42 ’

III (DEPE) 2’(TCNQ)4 2 (1 ,2-di(N-e thy l-4-pyrid in ium)eth ylene) 2
~(TCNQ)42

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(TCNQ)4 2

(DEPE)2
~(TCNQ)42 I is the metallic form

(DEPE) 2
~(TCNQ)42 ii is the semiconducting form’

‘Ci~ystal struct u res determined on these complexes.

The space group and cell dimensions were obtained initially- from oscillation
and Weissenberg photographs by Cu Ka radiation. Subsequently the cell dimen-
sions were refined on a Hilger and Watts computer-controlled, four-circle dif-
fractometer. Intensities were collected from crystals about 0.5 x 0.2 x 0.1 mm
with a 9/20 scan , a scintillation counter , and Mo Ka radiation. In each case
about 3000 reflections were measured, and intensities were corrected for Lorentz
and polarization factors, but not adsorption. The structures were solved from
three-dimensional Patterson syntheses and refined by block diagonal least squares.
X-ray powder photographs were taken on polycrystalline specimens.
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The electrical measurements presently reported comprise two-electrode dc
conductivity measurements on compressed discs, and along the a, b, and c axes 

S

of single crystals where available , and thermoelectric power (Seebeck) measure-
ments on compressed discs. The compressed discs were formed by compressing
microcrystals in a previously evacuated die to 75 MPa for six minutes. The single
crystals were attached via Acheson Electrodag 915 high-conductivity paint elec-
trodes to copper leads. Crystals and compactions were evacuated at 350 K and
l0~’ Tort for 16 hours in the conductivity or Seebeck cell, and the cell was then
filled with 10 Tort He gas for heat transfer , before starting measurements. In the
case of the organic metal (DEPE)2

~(TCNQ)42 -I , conductivity measurements
were made down to 2’K , and the specimens were then transferred to the Science
Research Council’s Rutherford Laboratory, Harwell , Berkshire , U.K ., for mea-
surements in the range of 4 K  to 30m°K.

Optical band gaps in some instances were calculated from infrared absorp-
tion spectra taken on a KBr disc containing the complex. ’°

Electron spin resonance studies on polycrystal line powders and single crystals
were made with a Decca X3 spectrometer operating at 9.27 0Hz with 100 kHz
modulation , equipped with an Oxford Instrument ’s cryostat working over 300—
4.2 K , with a temperature control < ±0.2°K. Single crystals were mounted on a

• well-annealed silica or a nylon rod , attached to a goniometer head. The poly-
crystalline specimens were pumped out to <iO~~ Tort and sealed under vacuum
in silica tubes.

RESULTS AND DISCUSSION

Compounds and Crystal Structures

The complexes and their shorthand nomenclature are listed in TABLE 1. In
most cases the single crystals examined were platelets, with the b axis of the
monoclinic or triclinic unit cell, which is parallel to the stacking axis of the
TCNQ molecules, perpendicular to the platelet surface. TABLE 2 giver- the crystal
structure data .

FIGURE I shows projections along the a and c axes of (DEBP) 2
~(TCNQ)4 2- , a

typical example of one of our semiconducting complexes, of “intermediate con-
ductivity ” in the original nomenclature.~~ There is a segregated stack of TCNQ
molecules, grouped in tetrads, along the b axis. However, although the molecular
overlap between tetrads is much less than within tetrads, since no other molecule
intervenes between two tetrads, we think , in terms of Dahm ’s nomenclature,”
that the stack is more homosoric than nonsoric, and suggest that pseudohomosoric
might be an appropriate designation. The TCNQ overlaps within the tetrad both
approximate to the ideal, ring-external bond (R—EB) overlap ’2 as shown in
Ftoua~ 2 f or the typical case of(DEBP) 2’(TCNQ)42 , and in TABLE 2 are given
the corresponding interplanar spacings for the TCNQ’s, which are AA’, 3.16 A ,
and AB 3.22 A. The symbol X for the third , or intertetrad , spacing denotes
there is only a small area of overlap between the end TCNQ’s B and B’ of the two
tetrads in this case, irrespective of the contact distances between them. The BR’
interplanar spacings are not given in the table, since they can be calculated only
when the end TCNQ’s are parallel , which is not always the case. However , for.

• -. •
~~~ 

—
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(DBzBP) 2
~(TCNQ)42 we can quote BB’ — 3.62 A, and for (DEPE) 2

~.
(TCNQ )4

2_ .l I , BB’ — 3.14 A, since here the planes are parallel.
Referring to FIGURE 1 we see for the DEBP complex that the TCNQ’s are

arranged in the bc plane with the a direction across the cation sheets, and this is
so for all the monoclinic crystals determined so far. For the triclinic crystals,
however, the choice of axes has been such that the TCNQ’s are arranged in the
ab plane and c is the cell direction across the cation sheets.

There is a significant difference between the bond lengths in TCNQ° ” and
TCNQ ~~~ and this enables us to define when and where charge localization occurs
within the tetrad , denoted by L in TABLE 2 for (DBzBP) 2

~(TCNQ)42 , where

~~~~~~~~ Y ~~~~ -~~~~~~~~~~~~~~~~~~nfi~~~~~~

-~~~~~~ ~~
-

~
- -r ~~~~~’

, ._— ~~~~~~~~~~~~~~~~~~~~~~~ H ~~~~~~~ -- —~~ -~~~~~- -_ - - - -

—- H’ — ____

• -
~D~

---

------ ~~~~~~~~ --
— ~~~ ‘—~~~~~-r~~~~ 

- 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~

- (
~

g
~ -

FIGURE 1. Crystal structure of (DEBP) 2
~(TCNQ)42 . (a): Projection along the c axis S

(b): proj ection along the a axis. S 
-

the two charges are localized on the two innermost A ,A ’ TCNQ molecules of the
— 

tetrad. Where molecules BAA ’B’ are shown with similar intermediate bond
lengths, characteristic of TCNQ’/2 , as in (DERP) 2’(TCNQ4)2 we have denoted S

the charge as delocalized,D.5 However, crystallographic data cannot distinguish
between true mobile delocalized charges and a random distribution of localized
charges over all the TCNQ’s in the stack in the crystal,’4 but the evidence can be

$ used in support of other evidence, when present, for delocalization.
A difference in crystal structures between the (DEPE)2’(TCNQ)42 semicon-

dueling II and metallic I forms was established by powder diffraction diagrams, as
shown in TABLE 3.

r ‘~~~

—
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• ELECTRICAL PROPERTIES

If we refer to TABLE 4, we note that in some cases it was impossible to grow
suitable sing le crystals, so only data on compactions ( p )  are recorded. If we
examine the single-crystal conductivities, determined from four complexes, we see
that the room-temperature values show a certain degree of anisotropy, a factor
of perhaps 20 separating the highest and lowest values. This anisotropy is smaller
than the usual 100—1000 given by monocationic radical ion salts)~’ The repro-
ducibility from crystal to crystal allows us to eliminate electrode-placing errors,
and in any case, the technique used here has given an anisotropic factor of 200
for the complex ,” (DQMBn)2 ’(TCNQ)32 l ,4-di(N-quinolinium-methyl) .
benzene2’(TCNQ)32 , so we may regard the facto r 20 as correct in magnitude
for this series. The low conductivity direction is across the cation sheets, i .e., the
a axis in the monoclinic crystals lic and lid, and the c axis in the triclinic h f  and
Ill-I l in the table. The conductivities in the other two directions, viz the stacking
axis of the TCNQ’s b and either c (monoclinic) or a (triclinic), are more near ly
equal, unlike the monocation salts where this plane again shows anisotropic con-
ductivities. The conductivities of the compactions ( p )  are fairly close to the con-
ductivities along the TCNQ stacks (b), where comparisons are possible, and
therefore may probably be taken as such for I , lie, and h a , where only compac-
tion is available.

The present data show that the conductivity across the cation sheets, besides
being lower than in the sheet of TCNQ’s, also in three instances has a higher
activation energy E4,  accompanied, incidentally, by a higher preexponential fac-

(a)

(b) -
FIGURE 2. Types of TCNQ overlap in (DEBP)2

~ (TCNQ)42
~. (a): Molecule A on B; (b)

molecule A on A’ (cf. FIGURE I). . — carbon; o — hydrogen; 0 — nitrogen.
5’ - 

-

_ _

5

~ 

— - — . 
---- — — --
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TABLE 3
POWDER DIFFRACTION DATA FOR THE Two FORMS OF (DEPE) 2

~(TCNQ)42
~~

Form 1, Metallic Form 11, Semiconducting
20 Intensity 28 Intensity
6.7 m 6.8 mw
7.2 w 7.8 m
8.2 m 11 .4 mw

11 .3 in l 3.7 $

13.15 w l4 .6 s
14.0 vs 15.95 in
14.55 s 18.2 mw
16.4 w 19.6 ms
17.7 w 20.85 m
19.1 vw 2 1.2 w
20.1 m 23.55 mw
21.0 w 24.4 ms
22.65 w 25.4 ins
23.45 m w  26.1 w
24.9 ins 26.55 ms
25.7 w 27.6 vs
27.0 vs 29.25 w
28.2 in 30.3 vw
29.2 mw 31.2 mw
30.0 vw 32.4 m
30.95 w 33.9 mw
32.9 ‘N 34.9 mw
34.35 mw 36.8 vw
36.05 m w  37.7 vw
37.55 in 38.7 m

5 — 1.5418 A; estimated error in 20 — ±0.1’; vw — very weak; w — weak; in — medium;
$ — strong; vs — very strong .

tor o~, in a — o~ exp (—E 4 / k T) . However , in (DEBP)2~(TCNQ)42 , EA is iso-
tropic in all three directions, (cf. FIGURE 3) and another instance of this behavior
is the (DQMBn)2

~(TCNQ)32 
.“ This situation is complicated; Siemons et a!.3

have reported that three complexes, including the triethylammonium salt
TEA ~(TCNQ)2 , with strongly anisotropic conductivities, still have isotropic
activation energies, although Beau and-Farges ” and Farges” have reported that
TEA ~(TCNQ)2 has a higher activation energy, surprising ly enough, in the di-
rection of highest conductivity. Shchegolev ’5 has remarked that an isotropic ScSi-

• vation energy is scarcely understandable, with an anisotropic conductivity, and
attributes the result to a possible effect of inaccura te electrode placings, or dis-
locations. In the next section we shall argue for a probable (narrow) band conduc-
tion in the sheet of the TCNQ’s. Reference to the typical example in FIGURE I (a)
shows that TCNQ overlap across the sheets of cations is too small to give nsa to
band conduction , a much more likely mechanism being hopping or tunneling.’
In this case, although clearly one can predict a lower conductivity, the relative
magnitudes of E4 and are more difficult to predict. These observations all

• refer to conduction in the intrinsic region, i.e., for (DEBP)2’(TCNQ),3 , above

- 

2$5’K Although the single crystal results of F~ouu 3 (a) are all above this 

—
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TABLE 4
ELECTRICAL DATA ON BIPYR IDYL I UM COMPLEXES L~ — ~o cxp( —E A/kT ) 1

x
~(300 K) £4 (300’19 (

~1o — Q(RT) q0O~ ()
No.,Complex, Axis Scm 1 cV Scm ~ 7~ ) ILVK ’ cm V~ s~~

I , BP(TCNQ)2,p 2.3 x 10.2 0.042 0.15 3.1 —200 0.02 ( cx T”)
0.0 1( .x T’~’)

lie, (DiPrBP) 2
~ p 2.5 x I0~~ 0.15 0.9 — — —

(TCNQ)42
~, (>300 K)

h a , (DMBP) 2
~ p 7.1 x 10 .2 0.21 246 —2.0 —15 0 53(ac T 3 ’)

(TCNQ)42 , 38(~ T 3 ’)
Sic, (DEBP)2

~ p 2.2 x l0 ’ 0.27 72 0 — 440 lO— 25 (x  T~~
6 )

(TCNQ)42 , (>2 60’K) 4—8 (~ T~~ ’)
M a 1.2 x l0~~ 0.25 1.9

b 2.5 x l0~~ 0.28 129
c 3.2 x 10~~ 0.27 110

(l.k. 0.54)
lId , (DPrBP)2

~ p 1.3 x l0~~ 0.22 6.4 --0
(TCNQ)42 ,

M a 3.0 x iO-~ 0.36 329
b 5.9 x l0~~ 0.22 289 •

c 1.2 x io~~ 0.30 132
h f , (DBzBP)2

~ a 8 x l0~~ 0.20 0.18 —

S (TCNQ)42 b 2 x i~
-
~ 0.20 0.46

T c 2 x l0 ’ 0.32 5.4
(t.R . 0.4)

Ill-Il (DEPE)2
~ p 1.4 x l0 3 0.26 33.0 — —150 —

(TCNQ)42 ,
• T a 1.0 x I0-~~ 0.25 16.0

b 7.0 x 10 4 J  0.26 16.5
c 3.0 x IO~~ 0.35 231

p denotes a compressed disc of microcrystals. a , b, and c-the crystallographic axes of a
single crystal. The conductivity is ~ — ~o exp( — £4/ k  T). Q-the thermoelectric powvr , deter-
mined on a compressed disc, leading to mobilities of electron ii,, and hole ~ I. R. denotes
the infrared absorption maximum. M & T denote monoclinic and triclinic.

temperature, the transition is apparent in conductivity results on a compaction in
Fiouu 3(b) and the thermoelectric power results of FIGURE 3 (c). 

-

The arguments for applying band theory to semiconductivity in the sheet of
she TCNQ’s rests on our interpretation of the combined conductivity and Seebeck
results for lic, (DEBP)2’(TCNQ)42 in terms of broad-band theory, resulting
is mobility values, and mobility-temperature coefficients that fit in with this
Ibsory. The temperature dependence of the thermoelectric power (compaction)
over IOO-3WK is typical of a p-type semiconductor at low temperatures becom-
~~ intrinsic at 2lS K~. By combining the equations of band theory ’9

/2w ,, k T\’~~— e(p, + ~i.)2 ( kt ) e xp ( —E ~/ 2 k T )  (1)

S — - 
. —5

S
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and Q — — ~ (“
_—_“\ 1-b- + 21 (2)

e \ts, + t i ~/ 12kT j

and assuming the energy gap EG — 2E4,  and the average effective mass of the two
charge carriers is the free electron mass, we were able to deduce ~~~ and p~ , the
mobilities for electron and hole shown in FIGURE 4. These mobilities, ~s, — 10—25
and Uh — 4—8 cm2 V ’ s~~yield mean free paths L — 3,i(2 rm *kT )h/2/4e , greater
than the intertetrad spacing, and therefore satisfy the Loffé criterion for band
conduction.

Band-theory calculations provide two formulae of relevance (see, e.g.,
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FIGURE 3. DEBP2’(TCNQ)42 . (a): Temperature dependence of single-crystal con-
ductivity. • — a axis; A — b; o — c. (b): Polycrystallinc compaction. (c): Thermoelectric power
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Ziman 20). Where the dominant scattering mechanism for charge carriers is lattice
phonons, then p ~ T 3/ 2 m* 3/2 and where it is ionized impurities , then p
T312m’ I /2~ So the results obtained here, p, ~ T_ I56 and Ph ~ T~~’, fit in well with
the idea that the intrinsic conductivity in (DEBP)2~(TCNQ)42

~ is controlled by
excitation of electrons over a band gap EG into a two-dimensional conduction
band where the dominant scattering process is by acoustic phonons. This is per-
haps surprising, since the band width concerned must be of order kT, and for such
narrow bands m’ must depend on T, an d there are other factors that may cause

6~O~~~~~~~
O

~

O 

~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

103K/T

FIGURE 4. Polycrystalline (DMBP) 2’ (TCNQ)42 . Insert shows the ESR room-tempera-
ture spectrum. The Graph shows the temperature dependence of the ESR relative intensity

• I , f ro m which J is deduced (two specimens).

deviations from a simple T 312 relation (see also Lyons and Gutmann 21). Where
a strict T 3’2 mobility dependence is found, then 00 ~ T° is to be expected .
Referring to TABLE 4, this is found for lic and lid , but h a  has o~ T 2 , which
implies p ~ ~~~~~~~ and points to the operation of such complicating factors. On
the other hand , complex I has o~, ~ T31

, corresponding to p ~ T3/2, consistent
• - - ;  with ionized impurity scattering. It should be noted that although both results

refer to compressed discs, the fact that the deviations in the two cases are in
opposite directions suggests that we may neglect any intergranu lar scattering 

- - 5 - -~~~
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effects , and the temperature exponents are characteristic of the crystal behavior,
in agreement with our earlier remarks about the equivalence of compaction and
b-axis single-crystal conductivities.

In two cases, lIc and h f , we list the energy of the infrared absorption maximum
for the complex , and this approximates closely to the energy gap EG — 2E4,
supporting the idea of an intrinsic energy band conductivity )0 Furthermore , the

~ values for Ha, hic, lid , and Ill-Il , interpreted in terms of band theory with the
free-electron mass, yield mobility values (00 — 4p at room temperature) consis-
tent with the presence of energy bands. This clearly does not apply to Hf ,
DBzBP 2

~(TCNQ)42 , where the correspondingly calculated p values are
- - <1 cm 2 V~~ s~~. Here it seems possible that hopping or tunneling is the conduc-

tion mechanism. The same conclusion probably applies to I , BP(TCNQ)2, where
the 00 value is also low.

ELECTRON SPIN RESONANCE MEASUREMENTS

Our ESR studies of di-cation complexes are based on the earlier studies of
monocation complexes by Chesnut and coworkers ,2 2 2

~ and Kep ler.4 A study of
DBzBP2~ (TCNQ)42 has recently appeared2~ which is relevant to the present
work. In our work the x direction is the long dimension of the TCNQ molecules,
y the short direction , and z perp endicular to the plane of the TCNQ, these dimen-
sions being related to the crystallographic a, b, c directions by a study of the
dipolar splittings of the triplet signal as a function of the three angles for a single
crystal.23

We refer to our results in TAHLE 5. All samples showed the usual sing le g — 2
line, over 4—50 K , which obeyed the Curie-Weiss Law, disappearing around 50 K.
By a careful comparison the intensity of this line with that of a weighed sample of
DPPH of known purity, it was possible in the usual way to calculate the number
of spins from the Curie Law constant , the result being given in the last column
of the table. These spins are generally agreed to arise from chemical and physical
defects, and will not be discussed further.

At temperatures >50 K a characteristic triplet spectrum was observed, in-
creasing with temperature according to a law determined by the singlet-triplet
excitation energy J. In the case of polycrystalline specimens, double integration of
the derivative signal with an analog integrato r2’ gave the relative intensity of the
signal I , J being derived from a plot of 2~n(IT)  vs. T~ (see below). The signals
themselves (see FIGURE 4) were those characteristics of cylindrical symmetry, and
were characterized by g1 and g~ , where g~ refers to two equal g values at
right angles .

In the case of a single crystal , two lines were observed at I l O K  (FIGURE 5),
the midpointg value being studied as a function of angle around the 3 crystal axes,
giving principal values g~, g,, g~. A study of the angular variation of the di- 

—

polar splitting gives the parameters D and E; in addition , the temperature varia-
tion of the dipolar splitting as the two lines collapse and the width of the resultant
single broad line, give the activation energy ~E, for spin exchange, which is equal
to J + ~ Em, where ~E,,, is the activation energy for triplet migration. This in
outline comprises the measurements taken on the single crystals of TABLE 5.

- -  S
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If we look in more detail at the polycrysta lline DMBP2 (TCNQ)42
~, we see

that (FIGURE 4) ~n(IT)  vs. T~ is linear over a wide temperature range, including
300 K , where the ~q~nu vs. T ’ graph was found to curve toward the T~ axis .
The magnetic linearity strongly supports the interpretation already given to the
conductivity, that the nonlinearity arises from a temperature dependence of
mobility, rather than reflecting the onset of a metal-semiconductor transition , the
explanation chosen by Farges to explain a similar nonlinear ,f,n0 vs. T~~ plo t in
t r iethyla mine + (TCNQ) 2 - .

In interpreting this susceptibility k-temperatur e relation we adopt the model of
spins on a linear lattice, in which the spin 2j interacts with its neighbor 2j + I
with an exchange integral .1, and with its other neighbor 2j — I with an exchange
integral -yJ , the so-called Heisenberg antiferromagnet , -y being the alternation
parameter . Bulaevski 2’ (cf. Etema&~) has given an approximate solution to the
Hamiltonian for this model , valid over 0.033 < T/J < 0.25 and -v < 0.5. This
gives for x (proportional to 1)

x T 
Ng 2p 52 5(S + I) 

a(-y ) exp [ — J ~~(-y) / kT]  (3)

The slope of FIGURE 4 thus gives J ~~ y) — 3.7 kJ mol~~.
A Faraday balance value of x — 1.1 ± 0.3 x lO-~ e.m.u. cm 3 mol~~ at

29VK gives us a calibration for I , and hence allows us to derive a value for the
inte rcept in FIGURE 4 as the preexponential factor in (3) above. Th is yields
a( -y ) — 0.5 * 0.l , which (following Bulaev ski) leads to ~~‘ — 0.5 ~ 0.1, hence

— 0.7 ~ 0.1 and finally J — 5.29 kJ mol~~, which suggests our analysis is
only valid up to l 50’K. An iterative procedure then yields best values y — 0.6 ±

0.1 ~ (y) — 0.7 ~ 0.1, J — 5.4 ~ 0.9 ki mol~~, and a bandwidth W — 4.1 ±

0.6 ki mol -‘, using the graphs in Etemad’s~ thesis. The value -y — 0.6 puts the
equation outside its strict range of validity, but the Linearity of FIGURE 4, also
observed by other workers 3° in a magnetic balance study yielding similar values
of the parameters , suggests the treatment holds to a good approximation , and we
may safely conclude (sir.ce y > 0) that the triplet excitons are deP ocalized in this
complex. In support of this, we note tha t g1 being close to the free spin value
(2.00232) suggests delocalization in two-dimensions, here the two-dimensional ar-
ray of TCNQ’s. The form of the spectrum suggests that the zero-field parameters
are negligible , also consistent with delocalization , since electron-electron separa-
tions will on average be larger than for localized excitons.

There is more than one crystal habit for DBzBP 2’(TCNQ)42 . There are the
small platelets, used in our x-ray work ,3’ and by Shields for ESR studies.25 The
crystals used in the present work were more needle-like, but a full study (to be
published32 ) shows the same structure for both habits, in each case somewhat
similar to that illustrated earlier in this paper for DEBP2~(TCNQ)42 . Using
three single crystals, the angular variation of the lOO K spectrum of FIGURE 5
established the gg, g,, g~, D and E values in TABLE 5. A computerized curve-
fitting procedure was used to fit the well-known equations for dipolar splitting d
and g valucs~ and derive the best values of these parameters, for each crystal, the
result being the average over three crystals. The D and £ values, according to an
approximate treatment ,33 correspond to an average separation of the two electrons

‘ li± .
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300K

200K 
FIGURE 5. Single-crystal (DBzBP) 2

~~.
(TCNQ)42 . Effect of temperature on the line-

160K shape, line-width and peak separation for a
given orientation.

130K

110K

making up the triplet exciton of 0.49 ~ 0.08 nm. This-may be compared with the
TCNQ spacings within the tetrad of 0.316 nm and 0.324 nm , which gives 0.64 urn
as corresponding to an average separation if the triplet exciton electrons were
deloca lized wi thin the tetrad. In fact , the result is more in agreement with the
x-ray indication 32 that the electrons are localized on the two central TCNQ’s of
the tetrad .

The well-known equation for the susceptibility due to localized triplet cx-
citons is

- 
2Np~

2g 2
~3 + exp I / k T) ’. (4)

This equation also follows from (3), when the alternation (actor -y — 0. A plot of
~f ~n(I T)  vs T~’ at Low (< l lO’K) and high (>200 K) temperatures, outside the
region where electron exchange is collapsing the dipolar splitting, gave a value of
I — 7.2 ki mol ’ independent of both temperature and orientation. Equation 4
gave, for room temperature, ~ — 0.48 x 1O~~ e.m.u. cm 3 moI~~ and (3) with

—‘ 0, gave 0.56 x l0~~ e.m.u. cm 3 moV ’, and the agreement with the experi-
mental value of x — 0.47 ~ 0.15 x lO~~ e.m.u. cm 3 mol~~ again supports the
idea of localized cxci tons.

The frequency of spin exchange ~ in the fast and slow regimes was derived
from line-width measurements.2’

Slow regime v — V~(i~H — ~ H0) (5)

Fast regime v — 
d02 

(~ H — ‘~H0~~’ (6)

- 
~~~~~ j  where d0 is the limiting dipolar splitting at low temperatures for the particular

- - 
- 

~~~~~~~~~~~~~ orientation under consideration , ~ H the linewidtb and ~ H 0 the limiting high.
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temperature line-width. A plot of log ~‘ vs. T~ in FIGURE 6 gives, for the fast
regime , ~ E, — 12.5 ~ 1.2 kJ moV 1 v0 (THz) — 2.2 ± 1.4, and for the slow
regime AE, — 13.7 ± 0.7 ki mol~~, v0 (THz) — 2.5 ~ 0.3, in the equation

v — is0 exp (— ~~E,/ k T). ( 7)

This allows us to calculate ~ Em, the activation energy for spin exciton migration ,
as AE~ — J — 5.9 k.! mol ’.

There are some differences in the behavior of (DEBP) 2’~(TCNQ)4 2 . At room
temperature a sing le narrow resonance was observed for each crystal and its
angular va ri ation studied, from which g~, gy’ and g~ were calculated. An orienta-
tion for maximum or minimum g was chosen and its line width and intensity
studied as a function of temperature. The plot of ~n(1fl vs. T ’  showed a nega-
tive slope at “hig h” temperatures corresponding to a singlet-triplet equilibrium
with J — 7.2 k.J mol ’ changing abruptl y at c. l 30°K to a positive slope taken to
indicate a low-temperature Curie law species. Inserting the I value into (4) yields
a susceptibility of 0.48 x e.m.u. cm 3 moI ’ at 300 K, while into (3),
taki ng the localized spin limit , yielded 0.56 x l0-~ e.m.u. cm 3 mol ’, to be
compared with the experimental value of 0.9 x l0-~ e.m.u. cm 3 mol ’ at 300’K.
If we assume delocalized excitons in (3) we should obtain an even lower value , so
they would seem on this basis to be excluded. However , the rather high experi-
mental value for I could indicate that it is temperature dependent , in wh ich case
we cannot decide whether the excitons are localized or non-localized , from the
room-temperature susceptibility . The Curie law signal yields a value of 1.6 ±

0.7 x 1022 spins mol~~, but this is possibly an overestimate . On cooling to 7 0 K ,
a dipolar splitti ng was observed th at remain ed consta nt as the tempera ture de-
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creased further. This splitting, however, could not be observed when the magnetic
field was parallel to the z axis of each TCNQ molecule, possibly a masking effect
of the Curie law signal. As a result , approximate values of D and E had to be esti-
mated by equating the splitting when H0 / /x  to D — 3E, and H0 / /y  to D +

3E. The D and E values using the previous method 33 give an average electron-
electron separation in the triplet exciton of 0.64 e 0.06 nm , indicative of an even
charge distribution over each tetrad of TCNQ’s. A temperature dependence of
line-width above l50 K (where the Curie law signal can be neglected) gave cvi-
dence ofexciton exchange with ~ E, — 8.4 * 0.6 k.! mol ’, giving ~~~ — 1.2 *
l.O kJ mol~~. There remains an unusual dependence of line width at 300 K ob.
served for the case when H0 J.. z, which is similar to one observed earlier 35 for
3,3’-diethyl-2 ,2 -oxocarbocyanine 4 (TCNQ)2 , and there associated with collapse
of fine structure in a two-dimensional conductor. This observation , together with
the low AE~, value , leads us to classify (DE8P)2~(TCNQ)42 as localized excitons,
with a possible partial delocalization.

Coming to (DEPE)2~(TCNQ)42 -Il , th ree crystals were studied , one for each
orientation , and each exhibited a single resonance line at room temperature , which
developed fine structure on cooling to 30K , there being one central line, and two
sets of outer lines due to dipolar splitting. On cooling below 30’K the outer
lines all decreased in intensity, but there was no cha n ge in the splitti ng and the
central line increased in intensity. It was concluded that the central line arose
from a species obeying the Curie law , and the ou ter lines were dipolar splitti ng
caused by the presence of triplet excitons. The outer lines began to saturate at a
microwave attenuator setting of 10db , while max im u m mi crowave power was
required to saturate the central line. We were unable to measure the temperature
dependence of these signals, but the angular variations of the two di polar splittings
were measured at 30K , resulting in the two values of D and E in TABLE 5,
together with ~~ g,,, and g, values. The temperature dependence of the intensity S

of the single line , 1, above 70K , was used to calculate I — 2.8 kJ mol -‘ and
— 1.66 x l0-~ e.m.u. cm 3 mol 1, using (4), in excellent agreement with

the measured v slue of 1.6 e 0.9 x l0~~ e.m.u. cm 3 mol ’ supporting the concept
of localized excitons for this complex. The rather large error in this value arises
from the fact that it was measured on a single crystal, rather than a powder. —

(DEPE) 2’(TCNQ)42 -I AND 112’

Starting with an acetonitrile solution of the complex at c. 60C, if we cool
- — rapidly, over, say, two hours, to room temperature we normally get a black micro-

crystalline deposit of the metallic form , I of (DEPE)2~(TCNQ)42 , but if we cool
slowly, over , say, 48 hours, to an ambient temperature of 40’C, we obtain the
semiconducting form II , usually as black plates, around 5 x I x 0.2 mm dimen-
sions. In our early studies of this complcx , for reasons we still do not understand,

- - - - 
- 

- we obtained two batches of reasonably sized single crystals of form I (with notice-
- 

- 

- 

- - 
:- ably ragged edges), nine of which provided the conductivity data described here,

the rest being used up in analytical procedures, before a proper x-ray crystallo-
graphic analysis was made. That there are significant structural differences be-

-
~ :~~~t tween I and II , however, is established by the powder-diffraction results of TABLE
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3. We shall in this section compare the properties of I and II , in spite of some
repetition of data regarding II.

We deal first with the electrical properties of I and II in that order , then with
the magnetic properties (cf. Ref. 36).

Electrical Properties

In FIGuRE 7 we show the resistivity / temperature relation for I and II , the
conductivity for I being measured across the short direction of the platelets, which,
at least in the semiconductor complexes of similar habit , correspond to the stack-
ing axis of the TCNQ’s. The comparative data are summarized in TABLE 6. It was
checked that the electrode resistivity was insignificantly small , and that no short
circuit occurred . At 300 K the nine single crystals of I gave conductivities in the
range 150—2200 S cm 1, compared with a value for the compressed pellet of micro-
crystals of I of 3 ± 2 S cm~~. A sample of microcrystalline metal I also shows a
very marked lowering of Q when placed in the ESR cavity . The single-crystal con-
ductivity increases monotonically with decrease of temperature by a factor 3.7
at 35 mK , with no sign of any metal-semiconductor transition. 37 Above 340—50 K,
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Fiousa 7. Temperature dependence of the conductivity of singk crystals of (DEPE)2’ .
(TCNQ) 2 , I a, and (DEPE)2(TCNQ)42 II a — long, here c, axIs; 0 —  intermediate, a
axis;. — short, b axis. -
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the temperature variation of single crystals of I followed OJd ~r — 23 T °55, and
below 50’K a weaker dependence still on T. This temperature exponent of —0.55
is considerably less marked than the exponents found for other organic metals,
viz —2.33 for TTF-TCNQ 2”9 and —2.39 for HMTSF-TCNQ. 39 The compaction
of microcrystals, by comparison , had a very small activation energy of 0.06 eV , no
doubt arising from electron transport across intergranu lar boundaries.

In FIGURE 8 we compare the thermoelectric power of II (single-crystal, short
axis — b), with a compaction of microcrystalline I . The curve for II is typically
that for a semiconductor, being very similar to that for (DEBP)2~(TCNQ)42 in
FIGURE 3. The inset plot of Q vs T~ for II shows a transition at 220 K , probably
due to a change from extrinsic to intrinsic conduction , a similar transition in the

TABLE 6
A SUMMARY OF THE ELECTRICAL, MAGNETIC AND CRYSTALLOGRAPHIC DATA ON -THE

METALLIC (I) AND SEMICONDUCTING FORMS (II) OF (DEPE)25F (TCNQ)42_

(DEPE) 2
~(TCNQ)42 -l Ref. (DEPE) 2’(TCNQ)42 -Il Ref.

Conductivity ~ aRT — 23 T ~~~~~~~~ 37 a — a0 exp (— E~ / k T) 36
(single crystal) (50—340 K)

— l 50-2200Scm~~ a~ .y — a, 7 x
b, l x l 0 3 ;
c, 3 x l 0 4 Scm~~

— a, 0.26 ± 0.02;
b,0.25 ± 0.02;
c,0.35 *0.02eV .

Conductivity a — ao ex p (—E A/ k T)  36 a — co exp( — E 4 / k T )  36
(compacted pellet)

a300.K — 3 *2 S cm - I — 1.4 x i~
-
~ S cm -

— 0.06 ± 0.02eV — 0.26eV
Thermoelectric Power Temperature independent . 36 Temperature dependent 36

Q~~ —3 5 M V K ~~ Q~~~. r — _ l 5 O t~
V K S S 5 I

E4 - 0.24 eV
Magnetic Properties Pau li paramagnetic 36 Localized singlet-triplet model 36
Crystal Struct ure — Isolated TCNQ pairs of dimers 47

conductivity graphs in FIGURE 7 occurring at 270 K , the difference probably aris-
ing from the use of different crystals for the two measurements. Applyin g (2) for a
two-carrier intrinsic semiconductor and assuming ti, >> ,s~, the slope of Q vs
T ’  yields an E~ value of 0.24 eV, which , on comparison with EA — 0.26 eV for
single-crysta l conductivity , allows us to conclude that there is a negligible mobility
activation energy for the semiconductor II , supporting the idea of a (narrow)
conduction band. Referring back to the metal I , the relatively small , temperature-
independent thermoelectric power is typical of TCNQ complex salts with metallic
conductivity .~ Chaikin and Beni4° have treated such cases by considering cor-
related charge carriers in a narrow-band system, localized by a strong on-site
electron-electron Coulomb repulsion , obtaining for the thermoelectric power Q,

- -S — —  _- _ —  - I



- -_n~~-_____-__ __ 
—

Eley cv a!.: Bipyridylium 2’ (TCNQ)42 435

I

Lp
I I-

O
ob
\0 

~~~~~~~~~

1’ 0

C

0 
II

~~~~~~~~~~~~~~~

~8
- -

‘I I

~~iI Mb

- — ,  S . —



S - -

436 Anna ls New York Academy of Sciences

- - — 
~~~~~~ ~~

[
2 o _  P)] (8) 

- 

-

where p is the ratio of carriers to sites. Apply ing this equation to Q — —35
— MV K - ’  for the metal I , we calculate p — 0.57 compared with the value p — 0.5

for the complete charge transfer to the TCNQ sites corresponding to the formula
(DEPE)2~(TCNQ)42 . The corresponding formula for uncorrelated electrons
would require p — 0.8, a less reasonable value.2’

We have to reconcile the thermoelectric power indications of localized (cor-
related) carriers with the room-temperature conductivity values (in the single
crystals) of 150-2200 S cm~~. If we adopt the approach of Mott and Davis,4’
and define g — N(E F) / N ( E ,)~~ where N(E F) is the density of states at the Fermi
level, and N(E p) tr~ is the value calculated for the free electron model, then for
localization in a disordered medium g � 0.3. For a metal g > 0.3, with a mini-
mum metallic conductivity value of —350 S cm - ~ Assuming a free electron gas,
with Sp the area of the Fermi surface

S,e2
~ g 2

12s 3h

and , substituting SF — 4ak,2 — 4T(3T 2) 2 13/ d 2 where the charge on the “atom,”
here the TCNQ, is 4, the interatomic spacing is d, and ~~. the mean free path of
the charge carrier is given its minimum value d, then

\12r2/ dh

and , with d — 3.3 A, the inter-TCNQ spacing, then a — 150-2200 S cm~~ cor-
responds tog — 0.3 to 1.2. It therefore appears that if we regard the complex as a
disordered solid with localized states, then there are sufficient states at the Fermi
level to give semimetallic conduction.

Alternatively, if we take the formula for a one-dimensional conductor,42

- !~~. 1.
2e2

~~
where + is the number of conducting chains per unit area , here taken as 4 —

0.02 A 2
, then a — 2200—8100 S cm -‘ over the range 300 K.-30 m K corre-

sponds to a mean free path 
~f. 

increasing from 7 to 26 A; i.e., 2—7 lattice spacings,
on cooling. This again supports the idea of a band model, with the lower values
observed of ~~~ — 150 Scm - ‘in some crystals resulting from a higher concentra-
tion of defects or impurities.

Magnetic Properties

We have already referred to the evidence for localized triplet excitons in
(DEPE)2~(TCNQ)42 -II. In FIGuRE 9 we show the paramagnetic susceptibilities
of I and II determined from E.S.R. intensity measurements over 4-300 K. The
two forms have very different behavior, that for I remaining largely constant with

— — ~~ .‘ --
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temperature from 300 to 20K , that for 11 starting fro m a similar value at 300 K ,
and falling to a value about ~ that of the metallic form I at 70 K. Intensity
measurements on II were discontinued below 70K as the signal became very small
and exhibited structure (Figure 3 in Reference 36 contains a printer ’s error in the
ordinate , here corrected in FIGURE 9). The temperature-independent susceptibility
for I is consistent with the Pauli paramagnetism expected for metals and found in
other highly conducting TCNQ salts .2~”3 The departure from a temperature-
independent susceptibility for I that occurs at lower temperatures is probably to
be associated with defects, where both simple and activated Curie law behavior’~~
is known to occur. A combination of these two effects is perhaps a more likely
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FI GUR E 9. Temperature dependence of the paramagnetic susceptibility of (DEPE)2’ .
(TCNQ)42

~ 1(0 , 4) and (DEPE)2~(TCNQ)42 II (.).

explanation than that proposed for a similar phenomenon in quinolinium ’
(TCNQ)2 ,” which equates the susceptibility to a sum of an impurity signal
(x T °”) and a singlet-triplet contribution with a spread of J values. The
latter explanation would require spin correlation , which is inappropriate for a
complex showing metallic conductivity. Using

S — 64 x l0 ’N (E), -

substituting ~~ — 2.1 e 0.9 x lO- e.m.u. cm mol~~, we obtain a density- of
states N(E)  — 32 ± 14 eV~ ’ molecule ’, by taking (DEPE)2’(TCNQ)42 as
one molecular unit. This corresponds to 16 states per cV per (TCNQ)2 unit ,
which is similar to values obtained’3 for quinolinium ’(TCNQ)2 which range
from 2.3 to 24 states per eV. We regard this value as an upper estimate, as ~~ is

- . - enhanced by electron-electron screening effects in metals, and by magnetism asso- -
.

ciated with the defects already mentioned

- .5 - , —~~~- 
-

--S - — S -— — —~~ S . 
—-S _ _ _ _ _ _ _

- —



438 Annals New York Academy of Sciences

CONCLUSIONS

A main difficulty in this field of bipyridy lium radical ion salts is the crystalliza-
tion process. Some complexes such as BP(TCNQ)2, and (DiPrBP) 2’(TCNQ)4 2
have so far only y ielded microcrystalline preparations , and in our most important
case, the semimetal (DEPE)2 ’ (TCNQ)4 2 -I , we ran out of our original two batches
of sing le crystals before attempting a single-crystal x-ray analysis , and subse-
quently have been successful only in making microcrystalline preparations. Clearly
we are left here with a problem that can be overcome only by further work , and
in this connection earlier studies on metastable phases in N-methy lquinolinium-
TCNQ are relevant .’~ But the structures we have derived for these complexes ,
which are all low-gap semiconductors, including the semiconducting form of
(DEPE)2 ’(TCNQ)2 -Il , point to a stacking of TCNQ molecules in groups of four
along the crystallograp hic b axis. The crystallography indicates that the overlap
of TCNQ end molecules, between the tetrads , is rather small , as qualitativel y
denoted in TABLE 2 by an X for this spacing. However , since no other molecule
intervenes -between the tetrads , we have , as already noted , used the term pseudo-
homosoric for this situation. Assuming that a two-dimensional band is formed
in the sheets of TCNQ’s, as we concluded from the conductivity evidence for
(DEBP)2~ (TCNQ)42 , this-small overlap between tetrads must result in a band-
width that is much narrower , for example, than that in TTF-TCNQ with its
regular segregated stack of TCNQ’s. In future we hope to make a quantitative
study of the intertetrad overlap, and to attempt to correlate it with the electrical
and magnetic properties. The other point made by the x-ray studies is that the
two electrons per tetrad are virtually localized , surprisingly, on the middle two
TCNQ’s in (DBzBP) 2’ (TCNQ)4 2 , whereas in the other three complexes the effec-
tive charge on all four TCNQ’s is 4. The first electron configuration is called the
“island type” in the comprehensive discussion by Tanaka es a!.49 One possible
reason for the latte r result is that the two electrons are delocalized over the four
TCNQ’s, but alternativel y, electrons localized at random along the whole stack ~i
TCNQ’s, o~ -~n alternate TCNQ molecules, would aIro account for the x-ray
results.

If we turn now to the magnetic data , the available evidence points to localized
triplet excitons in (DBzBP) 2

~(TCNQ)42 and (DEPE)2 ’ (TCNQ)42 , localized cx-
citons with a possible partial degree of delocalization in (DEBP)2’(TCNQ)42 ,
and delocalized excitons in (DMBP)2’ (TCNQ)42 and (DMPE) 2’(TCNQ)42 ,
although studies on the latter two complexes were limited to polycrystalline speci-
mens only.

It is interesting that the complex (DBzBP)2’(TCNQ)42 where x-ray evidence
points to localization of electrons at room temperature , and magnetic evidence
points most definitely to localization in the triplet (excited) state, is also the
complex with the lowest values for the single-crystal conductivity . The origin of
these differences , however, is obscure. Why should two electrons be localized on
average on adjacent TCNQ’s in the centre of the tetrad , when Coulombic effects
would rule otherwise? The main difference from the other complexes is the rela-
tively high activation energy for exciton mobility over the stack of TCNQ’s,

- 
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and this may in some way be linked to the relatively large intertetrad distance of
3.62 A, although the intertetrad overlap (still to be expressed quantitatively)
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may in fact be even more u nfavorable in the other complexes. The relatively low
a,~ values for (DBzBP) 2 ’(TCNQ)42 suggest a possible change over from two-
dimensional narrow band conduction in the sheet of TCNQ’s we suggested for
(DEBP) 2’ (TCNQ)42 , to an intertetrad electron tunneling process.

I.e Blanc 5° used the Mott -Hubbard model , w hich equates the energy gap 2E4
to C — ~~~ , where C is the on-site Coulombic repulsion energy and ~ the band-
width , to discuss the metal-semiconductor transition in radical ion-salts. Ic Blanc
emphasized that an excess electron in the “complex ” salt where it cor responds to
TCNQ TCNQ neighbors has a much lower Coulombic energy than in the cor-
responding simp le salt where it is TCN Q -. He also emph asized the role played by
pola r izab le aromatic catio ns in reduci ng C, to the ex tent that C ~ and an
organic metal results. In more recent terminology~ for a linear conductor 2E A —

U — 4t , with U the on-site repulsion energy and t the intermolecular transfer inte-
gral , which lowers the energy of the system and allows the elections to delocalize
into a one-dimensional band. In the case where there ir lattice polarization~

2
U is rep laced by U* — U — 2E B, where E8 is the polaron-b inding energy
per electron, and I is reduced to g * = te~~, where ~y — 1.0, and the M ott-
Hubbard gap is now 2E4 = U5 — 4g *~ Le Blanc5° had stressed the polari zability
of the cation in determining E~, and hence the energy gap 2E4 . Bloch6 has
stressed the role of permanent moments on the cation . A ty pical E5 is 0.8 eV ,
and for the R-EB overlap for the TCNQ’s I — 0. 11 eV.~

3 These considerations
are such as to lead to zero gap and metal lic behavio r dow n the l in ear TCN Q
stacks in TTF-TCNQ and NMP-TCNQ. Here we have made a case for a two-
dimension al sheet of TCNQ molecules, grouped in tetrads along the b axis, where
we presum ably have several di ff erent tra nsfer in tegr als to consider, with a reason-
able certai n ty that between the tetra ds t << 0. 11 eV. On the other hand , the U*
va lue will refer to electrons on neighboring TCNQ molecules within the tetrad
and will therefore be determined by the intratetrad spacings. However , if the
sem icon ducti ng properties of these comp lexes relate to a two-dimensional sheet
of TCNQ’s, presumably the energy gap should be written as 2E4 — U5 — 8t~,
where 1~~ is an average val ue for the sheet, which may well explain the result that
the 2E A values observed are still relatively small , —0.4 eV, in spite of low 1~
values. Then any slight rearrangement of crystal structure to equalize the TCNQ
spacings to values around 3.2 A might be expected to raise t~ to a value sufficient
to reduce 2EA to zero. We might suppose this to be the case for the metal
(DEPE) 2’ (TCNQ)42 -I , where, additionally , disorder remains a facto r to be
assessed. All such speculations must await the proper x-ray analysis , which we
shall carry out as soon as further suitable single crystals become available.
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DiscussioN

LAWRENCE COLEMAN (Univ. California, Davis, Calif): The measurement tech-
nique that you described cannot really be called four-probe in the sense that you
have only two contacts . If you evaluate the room-temperature conductivity that
you quote and the size of the crysta l, it seem s that you r con tact resistance m ust
have been incredibly small. Did you make any attempt to see if perhaps you had
some filaments of silver paint , or other problems?

ELEY: We made a special point of that. I think those measurements were okay.
COLEMAN : If you look at the crystal structure of the other phase done by the

group at Jet Propulsion Lab., and Tulane (New Orleans, La.], and compare it to
your powder data of the metallic phase, there seems to be a good match.

ELEY: Those are probably identical , but maybe those single crystals we have
are something different again. It may be disorder or a different phase.

ROBERT SOMOANO (Jet Propulsion Laborator y, Pasadena . Calif.): We also
have obtained two crystalline phases of (DEPEXTCNQ)4. However, both of our
phases were found to be semiconducting by electrical studies on single crystals in
which the electrical resistivity was measured as a function of temperature along all
three crystallographic directions by the four-probe and Montgomery techniques.
We have also ground up crystals from both phases and compared our x-ray pow-
der 20 values with those reported by Eley ci a!. for their metallic and semicon-
ducting phases. We find that our semiconducting phase I is identical to their
reported metallic phase. Similarl y, our second semiconducting phase is identical
to Elcy’s semiconducting phase. Thus, we believe that the reported stable metallic
state is either an experi in ntal artifact resulting from the unusual electrode geom-
etry used in the resistivity measurements or that the crystals used in the electrical
measurements are not the same phase as the microcrystalline powder used in the
x-ray studies by Eley et a!:
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PHENAZINE CATION RADICAL SALTS:
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- 
PARTIAL CHARGE TRANSFER

The first systematic stud y ’ of the conductivities of tetracyanoqui nodimethane
(TCNQ) salts with closed-shell , d iamag netic M + catio ns identified the importance
of single-crystal work and the generall y hig her conductivities of complex salts
such as M 2(TCNQ)3 or M(TCNQ)2 in comparison to sim ple 1:1 salts like
M( rCNQ). Chemical purity and crystal per fection have rem ained obvio us an d
difficult goals in all subsequent studies of organic conductors or , indeed , of other
organic molecular solids. The imp lication th at complex stoichiometry helps in
achieving high conductivity has been less widel y recognized, at least until recently. -

This is due in part to the fact that it is not the stoichiometry itself , but rather the
degree of ionity ‘y and the packing arrangement in the structure that are im-
portant . When M + is a diamagnetic inorganic ion , the com plex salt M 2(TCNQ)3
clearly has ~ — on the TCNQ ~~ stacks when all sites are crysta llographicall y
equivalent and has two ionic TCNQ and one neutral TCNQ site when the sites
are very different. On the other hand , the simple salt M(TCNQ) contains only
TCNQ - ions and has 7 I .

The serniconduction observed in simple salts with ‘y I is associated with a
correlaL. n energy U for producing doubly occupied TCNQ 2 sites.2 Either empty
TCNQ or doubly occupied TCNQ~~ sites are carriers in an ionic lattice. Charge
carriers can be formed without creating TCNQ 2 sites for ‘y < 1, when there are
kwer electrons than Sites Ifl the singly filled molecular orbital (MO) of TCNQ ’.
The major features of the magnetic , optical , and electric properties of molecular
solids based on i’-electron donors (D) and acceptors (A) can in fact be understood 2
by pursuing the implications of strong electron-electron correlations in these
quasi-one-dimensional systems. Indeed , all highly conducting inorganic and
organic systems in which there is no direct covalent bonding along the chain ap- -
pear3 to be based on fractional charges , or mixed valency in inorganic terminology,
with a uniform value of ~y at each site. —

The importance of electron-electron correlations in narrow-band organic D
and A crystals should not be surprising, since the triplet spin excitons found in

‘Supported by the National Scieri x Foundation for the work at Princeton , and for a
Heidelberg, by DFG and Fonds der Chemischcn Industrie. Manuscript received July 5, 1977 .
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dimerized TCNQ salts4 and in Wurster ’s bl ue perchlorate 5 clea r ly in dicate that
correlations dominate the magnetic properties of organic ion-radical solids.’ On
the other ha nd, the most h ighl y conducting organic solid 1 at the ti me was the 1:1
system N-methy lp henazinium (NMP4 or MP~ ) and TCNQ. Extensive experi-
mental and theoretical arguments 8 were developed for suppressi ng the corr elation
energy U. NMR evidence 9 subseque nt ly con fi rm ed the hy pothesis2 that NMP ~-
TCNQ~~ shows incom plete charge t ransfer , with y — 0.94 ~ 0.02. There are
fewer electrons than sites , and no doubly occupied TCNQ 2 site is req u ired for
conduction. Incomplete charge trans fe r is also indicated by optical ,’° thermo- -

power ” and resona nt Raman studies. ’2 Strong electron-electron correlations are
increasing ly being postulated in models for organic conductors. ’3

Conductors like TTF-TCNQ which have partial charge transfer crystallize in
segregated stacks of D and A sites. They resemble ion-radical salts in having the
same open-shelled chemical specie forming the one-dimensional array. Solid
charge-transfer (CT) comp lexes , by cont rast , crystallize in mixed stacks based on
face-to-face arrays of the t y p e . . .  D ’A ~~ ~~~~~~~~~ Weak donors , with high
ion izatio n poten tial ‘D ’ and weak acceptors, with low electron affinity A A, form
neutral ( y  — 0) comp lexes. These diamagnetic insulators have a low-lying CT
excitation polarized along the stack. Strong D an d A molecules ca n be stabili zed
by the crystal electrostatic , or Madelung , energy M as paramagnetic ion-radical
solids with ‘y — I . In the limit of zero overlap (zero bandwidth ) there is a sharp
sepa rat ion ’4 into neutral complexes for I~ — AA > M and ionic complexes for

— A~ < M. Such a separation is consistent with a variety of experimental
dat a on solid state complexes.2’6

The degree of charg e transfer , or of ionicity , in mixed DA stacks depends
sensitive ly on the bandwidth , since virtual excitations to the CT state stabilize
either neutral or ionic complexes. We have recentl y found’ 5 that the substituted
phenazines shown in FiGuai~ 1 form a series of cation radicals D + whose 1:1 com-
plexes with TCNQ are close to the neutral-to-ionic separation. The 1:1 TCNQ
complex wit h ethylmethy lphenazin c(MEP), with diethylp henazine (E 2 P), and with
diisopropylp henaz ire (Pr 2 P) can also be prepared ’6 and provides a series of in-
creasi ngly bulky donors. As shown below , the solid-st ate complexes probably
exhibit nonintegral charges and the dimeth y lphena zine (M 2 P) complex may
undergo a reversible transition from a primaril y neutral to a primarily ionic form
around 370 K.

Systematic studies of partial charge transfer have been restricted to segregated
stacks such as found in the TTF-TCNQ family ’7 or the TTF halides. ” Truly large
varia tions in ~ are apparently possible in mixed-valence organometallic stacks,’9
and some of these segregated stack systems can now be crystallized. The phenazine-
TCNQ family discussed here is a mixed stack system in which ~y can be varied by
suitably choosing the donor. M 2 P-TCNQ may well be the first comp lex in which ‘y
can be varied by chang ing temperature. Such mixed stacks lead predominantly to
semicoi1ductors , except possibly at the neutral-to-ionic separation. The demon-
stration of such transitions and their theoretical description should become clearer
as more information is obtained on phenazine-TCNQ complexes.

We summarize below recent observations on the structure and physical proper-
ties of phenazine cation radical salts and of phenazine-TCNQ complexes. The
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R ’ FIGURE I. NN’-alk y l-sub sti t uted phenazine
Cati On Rad~cat cation radicals.

R R ’ ’ I f
R -H~ R’ ‘ CH 3 HM P ~
R • R ’ ‘ C143 M2 P~
R ‘ CH ,.W’ CH2 CH3 MEP~
R R’ • CH 2 CH 3 E~ ~~ -
R • R’ • CH( CH 3), p , p ~

geometry of the phenazine radicals and the packing arrangements show consider-
able variety , once again underlining the very limited extent to which structures can
be predicted or “engineered” in advance . The neutral-ionic interface for mixed DA
stacks is examined in DIMER APPROXIMATION FOR THE NEUTRAL-IONIC INTERFACE
in terms of a dimer embedded in the lattice . The qualitative features of the M 2 P-
TCNQ complex can be treated , especially below the transition , as excitations of a
largely neutral stack.

PHENAZINE CATIoN RADICALS

Elementary bonding considerations indicate that dialkyl phenazines (RR ’P)
in FIGuRE 1 are bent along the N-N axis , whereas the 14 i-electron aromatic
molecule P is planar and isoelectronic with anthracene , Ionization of RR ‘P leads
to slightly bent IS i -electron cation radicals. In addition , alky lh ydrophenazines
(HRP) can lose H to form IS i-electron neutral radicals. The oldest and most ex-
tensively studied~ is the R — CH2CH 3 derivat ive, or EP, which crystallizes as a
free radkal solid. The paramagnetic species associated with phenazines are shown
in FIGURE 2 for the HMP to MP~ sequence. The versatility and biochemical im-
portance of phenazines is related to their ability to act as one-electron oxidants
and reductants and also as proton donors and acceptors.

Both the structure of the phenazine moiety and the stacking patterns in solids
depend on the electron population , or the ionicity. The planar , diamagnetic 14
i-electron specie MP~ forms2’ segregated stacks in MP”TCNQ~~, with ~y —

0.94 deduced from NMR .’ Closed-shell molecular ions do not overlap appreciably,
but show van der Waals contacts. The spacing (3.36 A) along the MP~ ” stack is
in fact substantially greater than along the TCNQ ~ stack and approaches the
van dci Waals separation of about 3.5 A. The more closely spaced (3.16 A)
TCNQs provide the open-shelled subsystem responsible for the quasi-one-dimen-
sional physical properties.

The addition of an H to MP~ leads to an open-shell cation radical HMP~ .
-
. - Now a mixed stack with TCNQ- occurs naturally, as in many other organic DA

- - 
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—

- 
- systems.2 The slight bendingU (by 5.6 )of the HMP~ about the N-N axis (F,ouaa

4- I) and the mixed stacking suggested to us that the originally reported~ “second
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phase” of MP-TCNQ was in fact HMP-TCNQ, with the MP~ inadvertently
changed to HMP~ by addition of H. Direct x-ray evidence~ has now confirmed
th is hypothesis, as the electron density associated with the additional H can readily
be found. The ability of MP to abstract H has also been noted during electrolytic
reductions when , instead of the anticipated M P radical , the epr spectrum asso-
ciated with the hyperfine pattern of HMP~ was found.25 The structure of MP
radicals is not known in detail , althoug h their existence is established spectro-
scopically,2’ because solid MP has so far not been prepared. Soiic~ EP is a stable,
free radical solid , as has already been mentioned.

Although HMP ~ is bent along the N-N axis , Morosin~’ finds that in HMPC IO4
it is twisted to form a propeller , with an angle of 2.1° between the two benzene
rings in FIGURE I . The IS i-electron HM P~ ions again deviate slightl y from
planarity , but in HMPC IO 4 crystallize as expected in segregated stacks. The oc-
currence of magnetically inequivalent HMP ~ stacks offers the usual test 2 for mag-
netic onc-dimensionality. HMPC 104 has sufficient interchain coupling to prevent
separate electron spin resonance (cpr) lines in applied fields of 330 0 (X band).
Bulkier substituents and/or higher applied fields may be needed to decouple the
stacks, as in various TCNQ - systems.24

A final structural comment has to do with the N-ethylphenazine (EP)-TCNQ
complex. This highly insulating material crystallizes 27 in a mixed stack , w i th
TCNQ ions in adjacent stacks forming localized , ti-bonded (TCNQ)2 2 dimers.
These dimers are closely related to the first u-bonded (TCNQ)~~

2 dimers re-
ported,2’ in the very different salt of bis(dipyridy l)p latinum (II). The EP bond
lengths and structure suggest~ an ionic specie. The contrast with the conducting,
segregated-stack MP~~-TCNQ ~ system is quite remarkable. The change from a

C H3
r
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CH 3 to a CH 2CH 3 substitue n t on the phe nazine comp letely alters the mode of
crystallization and induces a rare u-bonded dimerization of the TCNQ - ions. The

S addition of an H to MP~ to form HMP~ also changes segregated stack i ng i n the
TCNQ complex to mixed stacking, bu t that st ructural change can be ration a lized
as going from a closed-shell cation to an open-shell cation radical. The enormous
struct ural variety found in the CT complexes of TCNQ and closely related phena-
zines strongly suggests that there are multi ple minima in these systems and that the
actual structure represents a very delicate balance between crystal forces.

We turn nex t to the ph ysical properties ’5 of mixed stack HMP-TCNQ and
M 2 P-TCNQ. Except for an N-H vibration around 3200 cm ’, the infrared spec-
tru m of HMP-TCNQ shows vibrational features that are superimposable on those
of conducting MP-TCNQ. Thus both materials contain predominantly ionic spe-
cies. Also , HMP-TCNQ has a sing le, exchange-narrowed epr absorption , wh ich is
a common feat u re of ion ic .. . D~ A -D ’~A . . .  systems? The best formulation
for the charge distribution is thus H M P ’~TCNQ T, with 3 < y < I . Complete
cha rge transfer (y — I) is probably not achieved , as can be argued from a more
careful anal ysis of the magnetic susceptibility.

The M 2 P molecule has a dihed ral angle3° of 165° in M 2 P-TCNQ, indicative
of a neutral specie. A weak epr signal at 300°K around the TCNQ g-vaiues can -

probably be associated with impurities , since it ca n be almost com p letely sup-
pressed in good single crystals. 3’ Heating produces a strcng, reversible onset of
paramagnetism around 370°K at a g value which is intermediate between the
M 2 P4 and the TCNQ ~~~~~~~~~~~~~~~ Grinding M 2 P-TCNQ under an inert at-
mosphere also produces paramagnetism , altho ugh not reversibly. Above 390’K,
the epr signal is typical of mixed ionic stacks, whereas the neut ral dia m agnetic
phase around 300°K is best represented as M 2 P”TCNQ ’with o < y < 3.

The elementary CT excitations ’4 ofa  neutral (y  — 0) .. . D A D A . . .  lattice are
degenerate states of the form . . .  DAD~ A D A . . . .  The overall crystal symmetry
can readily be incorporated by constructing linçar combinations . A (D ’A ) dimer
con ta in s a singlet state and a t r iplet state , wit h the tri plet lower in energy on
account of the c~nfiguratio n interaction between the excited D~A sing let an d the
grou nd state. 2

~
6 Furthermore , either state is bound by the Coulomb interaci on be-

tween Dt  and A- . The lowest excited state, if thermall y accessible, should con-
sequently show epr spectra characteristic of triplet spin excitons ,4’~

6’~ with a fine
str ucture splitting due to the dipolar interaction of unpaired spins on adjacent D +
and A radicals.

We have recently observed 32 such triplet exciton splittings in applied fields of
12 ,0000 (Q band) at 295°K and at X band at elevated temperatures of about
3301(. The fine structure lines are narrow (<O.SOG ) at 295 K , indicative of rapid
exciton motion averaging out the hyperfine interaction. The maximum fine-struc-
tur e splitting of about 3000 is typical of unpaired electrons on adjacent molecules,
as found in various simple TCNQ salts.2 However , M 2 P-TCNQ provides the first
example of thermally produced triplet spin excitons in a mixed stack , a possibility
that was once considered unlikely.’ The intensity of the triplet exciton lines can be
fit to an activation energy taE, of 0.60 ± 0.06 cv. The analysis of the fine struc-
ture lines, including their broadening with heating and their sudden collapse into
a single line around 390 K, will be published elsewhere.32 Here we simply note
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that the collapse is qualitatively different than expected from exciton-exciton cot-
lisions.’~’ These magnetic effects probably reflect a neutral-ionic transition.

Separating the charges in the D + A -excited states produces charge carriers.
Both D~ and A- are stabilized by i n teractio ns w ith the pa rtiall y charged lattice . -

The activation energy i~E~ for semiconduction for five different single crystals of
M2P-TCNQ was 0.50 ± 0.03 cv below 350° K and increased to about 1.0 * 0.1 cv
in the high-temperature region.33 Extrapolation of the low- and high-temperature
data led to a remarkably constant transition temperature of T~ — 365 * 2’K for
all sam ples , which is somewhat lower tha n suggested by epr. The mai n poi nts here
are , first , that comparab le energies ~~~ ~ ~~~ point to a la rgely neut ral latti ce
and , secon d, that reprodu cible T~ suggests in tri n sic, rather than impurity, con-
duction.

We are not aware of direct measurements of the CT excitation ~ ECT in
M 2 P-TCNQ. This optical transition would further characterize the reversibl y
conversion from a predominantly neutral low-temperature form to a predomi-
nantly ionic high-temperature lattice. The borderline nature of neutral M 2 P-
TCNQ is also emphasized by the low energies for 1~E~ and AE,.. In more typical
neutral DA complexes , optical excitatio n 33 is needed to produce the tr iplet state
D~ A via intersyste m crossing.

Trip let spin excitons have also been observed32 at the Q band in the Pr2 P-
TCNQ system, with smalle r activatio n energy i.E~. I t rem ain s to be seen whether
the many RR’P species in FIGURE I form 1:1 TCNQ complexes with similar
str uctu res. Although th ey all probably crystallize in mixed stacks, there may be
significant differences in the packing. Furthermore , the str uctur al va ri ety ex hibited
by MP-TCNQ, EP-TCNQ, and HMP-TCN Q suggest that small changes at the
phenazine can produce striking changes. The cation radica ls MEP~, E2 P~, and
Pr 2 P~ also form Cl04 ,  I- , and other salts. ’6 Segregated RR ’P~ stacks are
expected when the counterions are closed-shell inorganic ions. The structure and
probable one-dimensional magnetic properties of these phenazine cation radical
salts have yet to be explored.

The simple H 2 P-TCNQ complex has been conspicuousl y a(’sent from our dis-
cussion of phenazine-TCNQ CT crystals. Although various H 2 P4 free radical
salts are known ,’5 the 1:1 TCNQ complex has yet to be prepared. The usual
approach leads” to reduction of TCNQ to H 2 TCNQ and oxidation of H 2 P to P,
instead of the desired CT complex. —

DIMER APPROXIMATION FOR THE NEUTRAL-IONIC INTERFACE

The preceding discussion of phenazine-TCNQ complexes indicates that they
are close to the neutral-ionic separation , with HMP-TCNQ largely ionic and
M2 P-TCNQ largel y neutral at 300°K. The evaluation of partial charge transfer
in mixed stacks is a many-electron problem for which even simplified models, such
as the modified Hubbard model,3~ have not been solved exactly. We begin by
considering a single DA dimer and then turn to an improved analysis of the
electronic states of mixed stacks .. . D~ ’ A ’  D” A~~ .. . for nonintegral ~y.

- 
- 

The highest occupied molecular orbital (HOMO) of a donor and the lowest
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- unoccupied molecular orbital (LUMO) of an acceptor have energies £0 and 1A ’
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~~ respectively, in FIGURE 3. These energies can be taken as representative of free
molecules or , formally, of molecules slig htly perturbed by the solid. 2’ Such a -

molecular exciton approximation has been central for elucidating the qualitative P
features of the magnetic , optical , and electric properties of ionic arn-molecular 

-solids.2 Electron-electron correlations , including those with core electrons , are
represented for simplicity by the same parameter U. As seen from FIGURE 3, the
energy of a neutral DA dimer is E(DA) — 2E D + U and corresponds to a singlet
state in which the two electrons are spin-paired in the normalized HOMO +D

I DA > — +D( I)+ D( 2)2 ”2 I a( l )~ (2) — ~(l)a( 2)~ (1)

The ionic state D~ A then has energy E(D~~A )  — 1D + e~ an d can have
either a singlet or a triplet total spin. The singlet state is

‘ I  D ’A > — 2~~ +D(l ) 4A(2) + +D(2)+A( l ’~ a(l)~ (2) — ~(l)a(2)~ (2)

where 
~~A is the normalized LUMO of A and the overlap between +~ and +~ has

been neglected for simplicity. The corresponding triplet states ~ I D 4 A > have

E

U
— 8

-O FIGURE 3. Schematic representation of the energy
levels ED arid 1A for D and A sites, with a correlation

u —8 — energy U for doubly occupy ing either 1D or 1A~

ED

Donor Acceptor

space-antisymmetric and spin-symmetric wave functions. The high-energy, doubly
ionized singlet state I D ’2 A 2> has energy 2 A + LI and will be neglected. It
should be emphasized that the energetics for these chmer states can be developed
rigorously, without using the simple basis states in (I) and (2).

If there is overlap between D and A, then the Mulliken CT matrix element t

must also be included,

1 -  <D~ A I 3 C J D A > .  - (3)
Although i i i  small ,3’ of the order of 0.1-0.3 cv, it mixes the singlet excited state
‘ I  D A >  and the ground state and thus makes a CT transition possible The
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stabilization of the ground state is relatively less important. 35 In zeroth order
(1 — 0), the CT excitation ~ Ec.rto) is given by

AE CT
t0t E(D ’A ) — E(DA) — M, l ,, — A~ — ~~- . (4)

The difference E(D ’ A )  — E(DA) contains other terms than 1 D — A~ , which
nevertheless is the leading term and is of the order of 4ev even for strong i-donors
and i-acceptors. The Coulomb interact ion M , in the ionic state must , of course,
be evaluated for a delocalized i-electron distribution and is considerably smaller
than the approximation e2/R for point charges separated by R. Typ ical values~
of M , are about 4 cv. The observed CT excitation 2 in many systems is in fact
around 1 cv . More elaborate quantum mechanical descriptions can be developed
for the DA dimer.

The infinite DA stacks and the long-range (three-dimensional) Coulomb inter-
actions encountered in solid CT complexes cannot be treated so easily, as even
the enumeration of states becomes prohibi tive . McConnell , et al,’4 were the first
to rationalize the observed separation of 1:1 complexes into essentially neutral
(°y — 0) and ionic (‘y — I ) solids. Their model begins with the assumption of zero
differential overlap, and consequently s — 0 in (3). The energy needed to transfer
an electron from N/2 donors to N/2 acceptors is N(I D — AA )/ 2, again neglecting
other contributions to E ( D’A ) — E(DA). The resulting ionic lattice has a
Madelung, or electrostat ic, energy of — MN/2 and , for most lattices, M exceeds
the nearest neighbor term M 1. In mixed DA stacks, Metzger~ finds M — 5 cv.
The overall energy balance leads to a neutral lattice for ‘D — A,, < M and an
ionic lattice for I D — AA > M. Furthermore , since the Madelung contribution is
quadratic in y, the energy minimum always occurs”4 at either ~y — 0 or ~y — I in
the limit i —. C). Of course, a similar argument holds for the second ionization
potential and electron affinity to form a doubly charged lattice. Also , the argument
remains fundamentally unchanged if the J~ — A A and M terms are generalized
to include any other differential energies that go as y and .~~2

, respectively.
The difference I I~ - AA — M I will usually be of the order of electron volts ,

whereas t is an order of magnitude smaller. Thus, corrections to the small I limit
will rarely be important , especially for the more common neutral complexes.
Strebel and Soos” have included finite i for mixed stacks, while retaining a
Hartree approximation for the electrostatic interactions. Now finite values of the
charge transfer ~y in the ground state are possible, but a discontinuous change
from small to large ~y still occurs as U increases (FIGuRE 3) sufficientl y to make

be energetically more favorable than DA. The nature of the optica l gap
at the crossover , which in FIGURE 3 corresponds to & — 0, has been further
examined by Krivnov and Ovchinnikov ,~° still in a molecular field approximation.
They find a finite gap, and thus semiconduction , even at 5 — 0. Since even simpli-
fied models involve severe mathematical approximation , the physica l approxima-
tions of neglecting various polarization , Coulomb exchan ge, and relaxation con-
tributions cannot be readily assessed.

As a first step in improving the phenomcnological model’4 for the neutral .
ionic interface, we consider a DA dimer embedded in a crystal. Self-consistency
is imposed by forcing all dimers to be alike in the crysta l ground state, which
again amounts to a Hartree approximation for the long-range electrostatic con-
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tribut ions. A number of advantages can immediately be noted: ( I )  the CT inter-
action and ~ Ec-r within a simer can be treated exactly; (2) the Coulomb interac-
tion M , is explicitly included; and (3) the ionic dimer is a dipole , with a reduced
electrostatic interaction with the other dimers.

Again neglecting the doubly ionized state D~
2 A 2  we const ru ct a norm alized

linear combination of( 1) and (2) for the gound state of each dimer ,

4> — cos 4 J D A > — sin 4~ D~~A — > .  (5)

The parameter 0 < 4 < i/2 describes the relative admixture of the two sing lets. A
neutral ground state corresponds to 4 — 0, an ionic ground state to 4 — i/2 , and
equal admixtures to 4 — i/4. The degree of charge transfer in the ground state is
clea r ly given by ~y — si n 2 4. The energy difference between E (D 4 A - )  and E(DA)
can be w ri tten as

2 E — I D — A A — M I (6)
and would simply by ~~~~~ in (4) for a neutral (~y — 0) lattice. The Madelung
energy 2m of a dimer , which includes all Coulomb interaction s except the intra-
dimer term M ,, is simply

m — M — M 1 (7)

and is generally a small positive number for mixed stacks. The additional stabiliza-
tion of the ionic state in a crysta l with ~y — sin 2 4 i s  thus —2m sin 2 4. The
occurrence of 4 in both the wavefunction I 4> and the energy leads to a self-
Consistent computation.

The CT matrix element I in (3) between the singlet states I DA> and
~ D 4 A > in (I)  and (2), respectively, is v’2T :. Each dimer self-consistently
embedded in the solid is consequently described by the 2 x 2 Hamiltonian matrix

~~ 
( 0

— 

~~~~ 2E — 2m sin 2 (8)

The ground state energy is

E _ — — v’2~i tan 4 (9)
where 4 is defined self-consistently by

tan 24 — . 
- ( 10)

e — m s i n 2 4
A simple physical interpretation is shown in FIGURE 4. Taking t > 0 for simplicity,
we see that 4 is small when £ — m sin 2 4 is large and positive. This describes a
neutral lattice, with ~y — sin 2 4 — 0. Conversely, we have 4 —‘ i/2 for e —
m sin 2 4 large and negative, which corresponds for an ionic lattice . An equal
admixture of neutral and ionic states occurs for 4 — iu /4, the dashed line in
FIGuRE 4, where we have 2e — m. Compariso n with (6) and (7) shows that
2e — in is equivalent to I~, — A0 — M. The present dimer model reduces natu-
rally to the previous t — 0 results, while generalizing them to include intradimer
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In order to solve (10) graphically, we rearrange to
— m sin 2 4 — -v’~i cot 24 (11)

and plot each side a function of 4 in FIGURE 5. Three different regimes occur. For
> m (curve A) only a single solution with 4 < i/2 is found; in this case, (6) and

~(7) yield I~, — A,, > M + m and even the lattice energy is insufficient to stabilize
the ionic form. For < 0 (curve 8) the dimer is already ionic and only a sing le
solution with 4 > T/2 is found; this corresponds from (6) to 1D — AA < M , .
The most interesting solutions , such as curve C, occur in the region —m <

— AA 
— M < m where multip le roots are possible. According to (9), the most

ionic (largest 4) solution then has the lowest energy. For completeness, we note
that m < 0, which corresponds to destabilizing collective interactions , lead to at
most one solution which is always less ionic than the m — 0 result for an isolated

Ion i c n e u t r a l

_ _

o E - m sin 2e

FIGUxE 4. Definition of the angle 4 determining the degree of charge transfer on either
side of the neutral-ionic interface at 4 — r/4.

I

dimer. Also, as t increases the possibility for multiple solutions dccreascs, since
even curve C then has only one intersection with v’2~ cot 24.

Although the dimer model is very simple, it can readily be shown to be superior
to more elaborate many-body treatments of mixed stacks. For example , the modi-
fled Hubbard model for a mixed stack can be rewritten in an electron-hole
representation 4’ as

X~ + U N/2 — No — 8 ~~~~~~~~~~ + ~~~ 1(C~~~ci, +i ~~ + ~~~~~~~~

+ U ~~~ 
C~a

4 Cj,$~~C,j Cj, a. (12) - 

-

The energy levels 5D — — U + 6 and s,, — — & are shown in FIGURE 3. The limit
U —‘ ~ then excludes D~

2 or A~
2 sites, and such sites are excluded in the dimer

model as well. The fermi operators c ,’, c~, create and annihilate electrons on
even n sites and boles on odd n sites. Overali electrical neutrality is guaranteed by
solving (12) for equal numbers of electrons and holes,
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~~~~~ — ~~~~~~ (13)
evcn odd

The solution to (12) with no electrons or holes, which in general is no: the ground
state, is the neutral lattice... DADA . . - with ~y — 0. Its energy N(2C D + U)/ 2 —

—N( U — 25)/2 corresponds simply to the energy of N/2 D sites.
The U —

~~ cc limit of (12) reduces to noninteracting dimers when every other I
term along the chain is neglected. Alternatively, the U —‘ cc limit can be approxi-
mated by allowing only excitations with ~ spin on A sites and a spin on D sites
(or vice versa) for the entire chain . We call this the Ned state because, for S >> I ,
there is in fact an array like .. A ( ~)D~ (a)A (~)D~ (a). ... In this approxima-
tion , (12) reduces4’ to

— NO — f ~f + : E (f ~~~~ + f ~4 ,f N)  (14)

where we have neglected additive constants, and the fermion operators f ~’ , f ,
correspond to ~~~~ c~ for n even and to C 0~~, ci,, for n odd. Exact solutions to ( 14) 

-

are available.42 They are seen in FIGURE 6 to be higher in energy than the energy
of nonoverlapping dimers, relative to a zero of energy for the full y ionic state .

~-t~o.o

neut ro l i o n i c

t~ .07
P.O

0.5 

FIGURE S. The Indicated in-
tersections are soluti ons to (12)
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~~~~~~~~~~~~~~~~~~
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E/f 
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E
N/’

1

- ~~ED,me r

neutral ionic

-PO
d -~ -

~~~ 
-

~ 

I I

FIGURE 6. Comparison of the ground-state energies of the self-consistent dimer and the
Néel approximations in the limit of strong correlations , with the zero of energy for the
ionic lattice .

Self-consistent treatments of (12) for finite U reduce, in the limit U —
~~ z , to

(14) and are thus inferior to the simple dimer limit.4’ It appears than an cx- . -

act treatment of the correlations U within a dimer is superior, açleast for U >> I

and >> 20, to including delocalization within the entire stack and treating
correlations approximately. The explicit demonstration in FIGURE 6 of the lower
energy of dimers is an example of the use of cluster expansions,43 which are
ofte n preferable to band models when the bands are narrow (small :). The weak-
ness of the dimer approximation is that it initially neglects CT between dimers ,
even thoug h in a regular mixed stack the same I occurs both within and between
dimers . Thus some care must be taken with applications. An exact solution to (12),
even in the special case of 0 — 0 and U — cc , would be quite valuable.

DISCUSSION

The simplicity of the self-consistent dimer approximation and its superiority
over band models in the limit of small CT integrals I encourages further applica-

-~ tions. Each dimer has a CT excitation connecting the two singlet states, whose

-
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energy is the di fference between the two roots of (S). This first-order result y ields ,
usi ng( 1O),

= 2~(e — m sin 2 
4)

2 
+ 2i~

2 11/ 2  = - 
(15)

sin 4 cos 4
and has a mi n im u m of 2v’~7at the neutral-ionic interface at 4 = 7/4. The triplet
state ~I D~ A >  has energy 2e — 2m sin 2 4. No con figu ratio n i n teraction is
possible, since there are no other tri plets i n this approximation. The singlet-
tri plet splitt ing AE~ between the grou n d state, (9), and ~I D4A > is, again
using (10),

= ~/7: cot 4. (16)

All properties of the dimers depend on : and 4, which in tu rn is give n self-consis-
tently by I l l ) .  A fit to several excitation energies th us gives 4 and the degree of
charge t ransfer ~y — sin 2 4. As ex pected , ~~~ is la rge for 4 —

~~ 0, si nce an en-
ergy of 2~ is requ ired to for m a D~ A - ion pair in a neutral lattice. On the other
hand , ~.E, vanishes as 4 — r/2 , since the t r iplet and singlet D 4 A  pair is de-
generate in the fu l ly ionic lattice . An activated sing let-triplet paramagnetism is
built into the dimer model and may not persist when more exact solutions in the
region of intermediate y are eventuall y fou nd . An act ivated fo rm h as generall y
been adeq uate~ for the magnetic susceptibilities (or epr intensities) of ionic CT
complex and , as already men tioned, of the la rgely neu tral M 2 P-TCNQ.

The partition function , and th us th e static ther mody nam ic properties , of the
self-consistent dimer can readil y be found from the roots of (8)~ even if the
D~

2 A 2 sing let is included. We are computing free energies G ( T )  to test the extent
to which spi n en tropy favors the paramagnetic ion state. 15 By con trast , the the rmo-
dyna mics of molecular field solutions are often difficult to generate. We are for-
tunate that the di mer approximation is probably superior for the actual narrow-
band DA stacks .

Ex tensions of the di mer limit can also be tested , especially if comparison with
experiment is favorable. For example , we have neglected CT matrix elements con-
necting D and A sites in adjacent dimers. Such matrix elements further improve
the dimer energy in FIGURE 6 by stabilization through virtual excitations and also
provide a mechanism for transporting excitations along the stack. Another class
of improvements is to treat exp licitly the changes in electrostatic interactions of
the ground and excited states by considering a single excited dimer in the lattice.
We have naturally focused on ground-state properties in discussing the neutral-
ionic interface, but could include excited dimcrs.

The major physical improvement of the dimer approximation is the explicit
treatment of the important Coulomb interaction M , between adjacent D~ A
pairs. Thus the energy for creating a D~ A pair in (6) is 2~ — I~ — A,, —

M ,, which is approximatel y ~ E~~
t0

~ in a neutral lattice, or neglecting solvent
effects , in solution. Conversely, the excess stabilization of the ionic solid in (7)
depends on m — M — M , .  Phy sically, this is the energy that can potentially
interconvert a largel y neutral molecular dimer into a largely ionic solid. The inte r-
play between e, m, and I then determines the various degrees of charge transfer v
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in the ground state, as has already been disc ussed in connection with F I G U R E  5.
It is worth emphasizing that once M , is included , both ~ and m can be relatively
small (order of I cv or less) and can easily be comparable to 1. Thus in borderline
cases like phenazine-TCNQ comp lexes, it is q uite possible to have intermediate
values of ~y around ~ in the solid as shown schemati call y in curve C of FIGURE 5.

The series of HMP-TCNQ, M 2 P-TCNQ, MEP-TCNQ, E2 P-TCNQ, and
Pr 2 P-TCNQ may afford other tests of the model , expecially if they turn out to have
si milar structures. For examp le , increasing the size of the alk y l groups should de-
crease ‘D - The puzzling fact that at 300°K HMP-TCNQ is ionic while M 2 P-TCNQ
is la rgely neutral may eventuall y be related to a larger M , for the more compact
HMP. Similarl y, the value of m = M — M , will depend on both the overall pack-
ing an d the nearest -neig hbor overlap, i n a complicated but readily compu table way
from the crystal structure. Large do n ors li ke Pr 2 P could well reduce m signifi-
cantl y , th us favoring a more neutral lattice . Altho ugh t he overall ene rgy balance
of comp ari ng I~, — A,, and M for estimati ng the relative stabil i ties of the neutral
and ionic forms has not been changed , the self-consistent dimer model offers addi-
tional i ntermediate cases and shows how changes in the CT interaction z may affect
the ion icity ~y.

The structures of H M P-TCNQ22 -24 and of M 2 P-TCNQ3° both have a small but
u n m istakable dime r ization along th e mi xed sta ck , with closer contact within a DA
pai r than with either neighbor . The W ur ster ’s blue cation , N N N ’N ’ tetra methy l-
p-phenylenediamine (TMPD), apparentl y forms mixed regular stacks in TMPD-
TCNQ4’ and TMPD-chlorani l ,45 altho ugh the former structure presents some
puzzling features .~ All CT matrix elements : in a mixed regular stack are equal ,
whe reas di m eri zatio n allows for a ltern ati ng I~ and 12 along the stack. Dimeriza-
tion m ight be expected on the basis of various instabilities of one-dimensional
arrays. The alternating stack lends itself naturally to a dimer approximation ,
since the la rger : can be associated with the intradimer CT. Also, an activated
para magnetism is then expected , whereas the finite ~ E, fo un d in regu lar stacks
like TMPD-TCNQ or TMPD-chlorani l has been difficult to understand theoreti-
cally.~~

42 The occurren .-e of both regular and alternating mixed Dt-~ stacks has not
been app reciated i n previous work , and this structural possibility merits furth er
attentio n.

In summary we have shown that the low-temperature properties of M 2 P-
TCNQ are qualitatively understood as excitations of a largely neutral stack and
provide the fi r st observation of therm all y act ivated t r iplet spin excitons in mixed
stack s. The self-consistent dimer model rationalize s the occurrence of intermediate
charge transfer ~y i n molecular solids close to the neutral-ionic interface . The
model allows explicit inclusion of the bandwidth 41 and nearest neighbor Coulomb
interaction M ,, and it is sufficiently simple to y ield thermodynamic properties.
The physical properties of ionic mixed stacks like HMP-TCNQ or M 2 P-TCNQ at
high temperature are still poorly understood , but may become clearer for di-
merized mixed stacks. A more quantitative anal ysis of the probable temperature
dependence of y(fl in M 2 P-TCNQ remains a major experimental and theoretical
goal. The great flexibility of phenazine cation radical s has clearly been demon-
strated . Both interesting new systems and systematic investigations can be antici-
pated.

-7- - 
. 

- -5- -- - - - - - ----
~~~~~~ 

.—- —~ 
- - - -

~~ --— I —



456 Annals New York Academy of Sciences

ACKNOWL EDGMENTS

Z. G. Soos is gratefu l to the Anorganisch-Chemisches Institut , Heidelberg, for
hospitality as a visiting professor in 1976 and to NSF for support of this work at
Pr inceto n. The work at Heide lberg was supported by DFG and Fonds der
Chemischen Industrie.

REFERENCES

I .  SI EM ONS , W . J ., P. E. BIERST EPT & R. 0. KEPLER. 1963. J. Chem. Phys. 39: 3523 .
2. Soos, Z.G. 1974. Ann. Rev . Ph ys. Chem . 25: l2 I ;  Soos, Z. 0. & D. J .  KLEIN. 1975.

Charge transfer in solid state complexes. In Molecular Association. R. Foster , Ed.:
1- 119. Academic Press. New York , N.Y .

3. Soos, Z . 0. & H. .1. KELLER.  1977. Compariso n of columnar and inorganic solids.
In Chemistry and Physics of One-Dimensional Metals. H. J .  Keller , Ed .: 391-4 12.
Plenum Press. New York , N.Y .

4. CHE 5NUT , D. B. & W . D. P H I L L I P S .  1961. J. Chem. Phys. 35: 1002.
5. THOMAS , D. D., H. 3. KELLER & H . M. MCCONNELL. l963. J. Chem. Phys. 39: 2321 .
6. N0RDI0 , P. L., Z. 0. Soos & H. M. MCCONNELL. 1966. Ann. Rev. Phys. Chem. 17:

237.
7. MELBY , L. R. 1965. Can. J. Chem. 43: 1448.
8. EPSTEIN, A. 3., 3. A. COHEN , A. F . GARITO & A. 3. HEEGER.  1972. Phys. Rev . B5:

952; HEEGER , A. 3. & A. F . GARITO. 1975. The electronic properties of TTF-TCNQ.
In Low-Dimensional Cooperative Phenomena. H. J. Keller , Ed .: 89-123. Plenum
Press. New York , N .Y.

9. BUTLER , M. A., F. W UDL& Z. 0. Soos. 1975. Phys. Rev . B12:4708.
10. TORRANCE, 3. B., B. A. Scorr & F. KAUFMAN. 1975. Solid State Commun. 17: 1369.
I I .  Kw~x, J . F., 0. BENI & P. M. CHAIK IN. 1976. Phys . Rev. B13: 641.
12. VAN DUYNE , R. P. 1977. Private communication.
13. TORRANcE, J . B. 1977. The role of Coulomb interactions in TTF-TCNQ. In Chemistry -

and Physics of One-Dimensional Metals. H. 3. Keller , Ed .: 137-166 . Plenum Press.
New York , N.Y.

14. MCCONNELL, H. M ., B. M. HOFFMAN& R. M. METZGER. 1965. Proc. Nat. Acad. Sci.
USA 53:46.

I S . Soos, Z. 0., H. 3. KELLER , W. M0R0NI & D. NOTHE. 1977. Cation radical salts of
phcnazine . J. Amer. Chem . Soc. 99:504.

16. M0R0NI , W. F. 1977. Krista llisierte, Planare Radikal - and Ubergangsmetallkomplexc -

mit Anisotropen. Physikalischen Eigenschaften . Ph.D. Thesis. Heidelberg University. 
-Heidelberg, Germany . Unpublished.

17. BLOCH, A. N., 1. F. CAR RUTHER S , 1. 0. POEHLER & D. 0. COWAN. 1977. The or-
ganic metallic state: some physical aspects. In Chemistr y and Physics of One-
Dimensional Metals . H. J. Keller , Ed .: 47—85. Plenum Press. New York , N.Y.

IS . S0M0ANO, R. 0., A. GUPTA , V. HADEK , 1. DA1-rA , M. JONES , R . DECK & A. M.
HERMAN N . 1970. 3. Chem. Phys. 63:4970; LA PLAcA, S. 3.. P. W . R. CO R F IELD ,
R. THOMAS & B. A. Scon. 1975. Solid State Commun. 17:635; WUO L F., D. E.
SCHAFER, W . M. W ALSH, JR., L. W. Rupp , F. 3. DISALvO, J. W. WASZCZAK , M . L.
KAPLAN & 0. A. THOMAS. 1977 . 3. Chem. Phys. 66: 377.

19. MARKS , 1. J ., D. F. WEBSTER , S. 1. Ru av & S. SCHULTZ. 1976. J. Chem. Soc. Chem.
Commun. 444; HOFFMAN , B. M . 1977. Private Communication.

20. Mc ILwAIN , H. 1937. 3. Chem. Soc. 1704; HAU SSER , K . H. & J. N. MU R RELL.  1957.
3. Chem . Phys. 27: 500; SAKATA , 1. & S. NA G AKUR A , 1969. Bull. Chem. Soc. Japa n
1497; SERAFIM Ow , 0., H. Z I MM ER MAN N , B. Bunsenges. 1972. Phys. Chem . 76:904.

2 1. FRITCHIE , C. 3. P965. Jr. Acts Cryst. 21:892; MoRosiN , B. 1975. Phys. Lett. 53A:
455.

— 22. M0R0SIN , B. 1976. Acta Cryst. 032: 1176.

-~~~~~~~~~~~~~ - - - _l___ - — 
• 

- -  ~~~~~~~~ ---‘ . -- .  - b— — . -*- ~~~~~~~~~~~~~~~~~ —



-: Soos et a!.: Phenazine Cation Radical Salts - 457

23. COLEMAN , L. B., S. K. KHANNA , A. F. GARITO , A. J. HEEGER & B. MOROSIN. 1972.
Phys. Lett. 42A: 15.

24. M0RO5IN , B. 1978. Acta Cryst. In press.
25. WUDL , F., 3. H. MARSHALL & Z. G. Soos. 1975. Unpublished work.
26. DOBLOWSKI , J.  & W. RUBASZEWS K A. 1976. Rocz. Chem. 50: 1435; RUBASZEWSKA , W.

& Z. R. GRABOWS KI. 1975. J. Chem. Soc. Perkin Trans. 2:4 17.
27. M0R05IN , B., H. J. PLASTAS , L. B. COLEMAN & J. M. STEWART. 1978. Acta Cryst . In

press.
28. DONG, V., H. ENDRES , H. J. KELLER , W. M 0R 0NI & D. NOTHE. 1977 . Acta Cryst.

833:2428.
29. Soos, Z. 0. 1975. Magnetic interactions in linea r chain crystals. In Low-Dimensional

Cooperative Phenomena . H. 3. Keller , Ed.: 45-64. Plenum Press. New York , N.Y.
30. GOLDBERG , 1. & U. SH MUEL I . 1973. ActaCryst. 029: 421.
31. NöTHE , D. 1977. Unpublished work.
32. NöTHE , D., W . MORON I , H. J. K ELLER , S. MAZUMDAR & Z. G. Soos. 1978. Solid

State Commun. In press.
33. BELMONT , A. 1977. Conductivity of M 2 P-TCNQ. Senior Thesis. Princeton Un iv.

Unpublished.
34. KEI JZERS , C. P. & D. HAARER. 1977. J. Chem. Phys. 67:925. IWATA , S., J. TANAKA &

S. NAGAKURA. 1967. J. Chem. Phys. 47:2203.
35. SrR~s~L, P.3. & Z. 0. Soos. 1970. 3. Chem. Phys. 53:4077.
36. KLEIN , D. 3. & Z. 0. Soos. 1971. MoI. Phys. 20: 1013 .
37. MULL I KEN , R. S. & W. B. PEARSON. 1969 . Molecular Complexes, A Lecture and

Reprint Volume; 127 . John Wiley & Sons. New York , N.Y .; BERUNSKY , A. J.,
J. F. CARO I.AN & L. WE lLER. 1974. Solid State Commun. 15:795.

38. HANNA , M. W. & 3. L. LIPPE RT. 1973. Theory of the ground state structure of molecu-
lar complexes. In Molecular Complexes. Vol . I . R. Foster, Ed.: 1-48. Crane ,
Russak & Co. New York , N.Y .

39. MarzGER , R . M. 1972. J. Chem. Phys. 57: 1876.
40. KRIVNOV , V. Y. & A. A. OVC H INNIK OV. 1973. Soviet Physics-Solid State 15: 118.
41. Soos, Z. 0. 1977 . Eighth Molecular Crystal Symp.: 355—362. Santa Barbara , Calif.
42. KRU GLER , J. I., C. 0. MONTGOMERY & H. M. MCCONNELL 1964. J. Chem. Phys. 

- 
-

‘ 41:2421; KATSURA , S. 1962. Phys. Rev. 127: 1508; LIEB , E. H., T. D. SSHULTZ &
D. C. MA uL S. 1961. Ann. Phys. 16: 407.

43. KLEIN , D. J . & M. A. GARCIA-BACH. 1976. Mol. Phys. 31:797. KLEIN , D. .1. 1977.

Preprint .
44. HANSON , A. W . 1967. Acta Cryst. 19:610.
45. DEBOER , 3. L. & A. Vos. 1968. Acta. Cryst. B24: 1066.
46. HERBSTE I N , F. H. 1971. Crystalline s-molecular compounds. In Perspectives in Struc-

tural Chemistry. Vol. IV. 3. D. Dunitz and J. A. Ibers , Eds.: 344—345. John Wiley &
Sons. New York , N .Y.

DISCUSSION

issoMs H. PIRI STEIN (Eaamas Kodak. Rochester , N. Y.): You raised a very
~~~rp—~ ng questi on about whether (NMP)(TCNQ) is mixed valent. Is there back
~~~~ i sfsr to NMP ? And if there is, does transport occur along the NMP

I es ..4I mk,n the TCNQ stack? Have you tried to make NMP complexes
re ~r u .I ~~ a a ao canyins any charge, as in NMP thiocyanate?

fr.s~ tb ~ $P’ . larger than the TCNQ, and the type of transport
..~~~

.., ~~~~ ‘tare a,, charges is Ices. But certainly , any two-stacked
— ~~ ‘~~e ~~~~~~~~~~. .( ~~~~ so vie down for sure to what extent each

- —=- -~~~~ — - ---5--- — ___________
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stack is involved in the transport. The NMP neutral radica l is quite a difficult thing
to work with. In solution it has been stabilized; however , I suspect that the
quality of the crystals of solid NMP ’ would be poor.

AARON BLOCH ( Johns Hopkins Univ.. Baltimore. Md.): Is there any evidence
for small amounts of hydrogen in (NMPXTCNQ)?

Soos: Small amounts of hydrogen—for example, six percent or so—is prob-
ably outside of what you could reliably get by elemental analysis. The fact that the
hydrogen cation radicals form a different structure raises a possibility of alloys;
however, the answer is not presentl y known.

ARTHUR .1. EPSTEIN: There is di rect evidence agai nst transport along the NMP
stacks. When we replace NMP~ with phenazine in the stack we are strongly dis-
ordering the NMP~ stack , and we do not see a sharp decrease in the conductivity
which is expected if this were the major source of conduct ion path . Thu s, the
NMP~ chain is not the major path for charge transport.

ESTHER CONWELL (Xerox Webster Research Center , Webster . N. Y.): You make
the statement that you found a 94% charge transfer in (NMP)(TCNQ). How many
samples were measured, and what are the errors? Certainly there are large dif-
ferences in the magnetic susceptibility at low temperature that can be att r ibuted
to differences in charge transfer.

Soos: We have done the CH 3 and CD 3 measurements on probably a half-
dozen samples and three samples. respectively. If there are significant changes in
the degree of partial electron transfer from sample to sampk , there are more
serious difficulties with the reproducibility of the magnetic susceptibility than
observed.

LAWRENCE COLEMAN ( Univ. California at Davis. Davis. Cal if): In regard to
the hydrogen in the (NMP)(TCNQ): when working on that material , we found
that you could go from one phase to the other simply by heating the solution
approximately five degrees warmer than for the conducting phase. It seems re-
markable that such a small difference is enough to protonate.

Soos: When we t r ied to prepa re N MP elect rolytically we foun d that we picked
up a hydrogen essentiall y every time. This equilibria between NMP ’s and the
hydro-forms are apparently very fast. There is an enormous biochemical litera-
ture that focuses on precisely thi s poin t , and these materials are important just
because of thei r ability to be electron donors and acceptors, and also w t ransfer
hydrogen. We do not understand this.

— 
.
— 

.
—
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THE CHEMICAL AND PHYSICAL PROPERTIES
OF THE REACTION PRODUCT BETWEEN

TRIMETHYL AMMONIUM IODIDE AND TCNQ.
A TERNARY l-D SEMICONDUCTOR

WITH “METAL-LIKE” CONDUCTIVITY*

M. A. Abkowitz,t J. W. BriIi ,1 P. M. Chaikin ,~ A. J. Epsteint
M. F. Froix ,t** C. H. Griffiths ,t W. Gunning,~1A. 3. Heeger ,41

W. A. Little,~ J. S. Miller,fl1 M. Novatny ,~ D. B. Tannerj
and M. L. Sladet

t Xerox Webster Research Center , Rochester . New York 14644.
~ Department of Physics, Stanford University.

Stanford. California 94305
§ Department of Physics, University of California.

Los Angeles, California 90024
liDepariment of Physics. University of Pennsylvania,

Philadelphia, Pennsylvania 19174
$Department of Physics, The Ohio State University.

Columbus, Ohio 43210

The study of linea r-chain organic and inorganic anisotropic compounds has
emphasized those systems with high “metal-like” conductivity. ’ 3  Such systems
typically have one donor and one acceptor. Recently, Cougrand et ai.~ reported
that 7,7,8,8-tetracyano-p-quinodimethane , TCNQ, reacts with NMe 3H ’ I
(Me—CH 3)to form a novel ternary component material of (NMe 3H)(I)(TCNQ)
stoichiometry with one cation and two different segregated acceptor chains, pre-
sumably only one of which, TCNQ, is conducting .

Herein we indicate the initial results of extensive physical studies undertaken
on this system. These studies include elemental analysis, x-ray diff ~action , thermal
gravimetric analysis (TGA), differential scanning calomimetry (DSC), Raman
scattering, polarized reflectance, anisotropic dc conductivity, microwave con-
ductivity , dielectric constant, electron-spin resonance (ESR), proton magnetic
resonance(’H NMR) , thermoelectric power (TEP), and Young’s Modulus (E).
These results show the large highly conducting metallic green-appearing crystals
to be (NMe 3H~ )(I 3iip(TCNQ) 2/3 , a thermally stable compound that under-
goes a semiconductor-semiconductor transition at 150 K.

The elemental analysis of 13 samples (TABLE I) shows5 that all samples are
equivalent and that I .00:1.00:1.00 ratio exists for NMe 3 H + :TCNQ:I. This conclu-

•Manuscript received Nov. 14, 1977. Correspondence to A. .1. Epstein or Joel S. Miller.
JWB, WAL, and MN acknowledge support in part by NSF grant DMR76-82087-A0I ,
NASA JPL grant 953752, and Stanford Center for Materials Research NSF grant DMR-
72-03022.

Sspremnt address: Celanese Research Corporation , Summit , New Jersey 07901.
t*Prcsent address: Science Center, Rockwell International , 1049 Camino Dos Rios,

Thousand Oaks, Calif . 91360.
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TABLE I
ELEMENTA L ANALYSIS FOR TCNQ TRI METHYLAMMONI UM IODIDE REACTION PRODU CT

Formulation Analyst’ . %C %H %N %I Total
(NMe3H)(I)(TCNQ), 46.05 3.61 17.90 32.44 100.00

(CaIc)
Sample 1 0 46.00 3.70 17.84 32.40 99.94

0 45.93 3.75 17.86 32.60 100.14
Sample 2 0 46.06 3.60 17.87 32.54 100.07

0 45.91 3.68 17.79 32.61 99.96
Sample 3 S 45.88 3.75 17.84 32.31 99.78

0 46.03 3.61 17.88 32.44 99.96
Sample 4 0 46.04 3.64 - 17.89 32.47 100.04

0 45.96 3.52 17.60 32.77 99.85
5 45.78 3.75 17.84 32.3l 99.78

Sample 5 0 46.02 3.60 17.90 32.43 99.95
O 45.78 3.78 17.96 32.29 99.81

Sample 6 0 46.07 3.70 17.77 32.45 99.99
Sample 7 S 45.97 3.78 17.80 32.23 99.78
Mean 45.96(10) 3.66(9) l7 .8l( ll) 32.49(18) 99.92(15) $

(Standard Deviation)— Galbraith Laboratories; S — Spang Microanalytical Laboratory .

sion is reinforced by evaluation of computer analysis of the average microanalyti-
cal data 145.96(10) C, 3.66(9) H, 17.81(1 1) N, and 32.49(18) IJ (FIGURE 1). The
printout shows that the formulation with the lowest sum of root mean square
deviations for the C, H, N , and I analyses is of 1.00:1.00:1.00 stoichiometry.

The oxidation state of iodine, and, consequently, the degree of charge transfer
is assigned from interpretation of Raman scattering data . The Raman active mode
at 105 cm~ (F~ou~~ 2) is assigned to I3~. Thus, conservation and stoichiometry
suggest the charge-transfer formulation to be (NMe3 H) ’(13 )113(TCNQ)213 , I.
Consequently, there is a one-third filled band on the TCNQ chain for this one-
dimensional complex .5 Differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA) data characterize I to be thermally stable with respect to
iodine loss up to 22YC; however, in open vessels, decomposition to NMe3(g),
HI(.g), and TCNQ occurs at higher temperatures.5 Refinement of 25 x-ray reflec-
tions from a single crystal reveal that I possesses a monoclinic unit cell [a —

13.874(9), b — 6.441(3), c — 19.084(6) A, ~ — 105.85(4)’, and V — 1640.7(5)
A 3j. 5 In diffuse x-ray work , Delhaes ci al. reported” a one-dimensional (1-D)
superlattice ascribed to a periodic distortion on the iodine chain, consistent with
13 .  Cougrand et al. ,~ in their preliminary note, discuss the structure as being com-
prised of l-D chains of TCNQ and iodine with uniform- 3.22 A (interplanar)
spacings between the TCNQ (FIGURE 3) and 2.97 A and 3.47 A intra- and inter-

- - 
molecular iodine separations.~The room-temperature four-probe dc conductivity in the stack (b-axis) direc-

r lion of 1, ~~, is —20 ohm~~cm~ ’ and the anisotropic conductivity ratio (e5/c1), is
~~~~— - ~~~~~~
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H

FIGURE 2. Structure of(NMe3 H)(t)(TCNQ) .4
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I — 400. The temperature, T, dependence~ of u is shown in FIGURE 4. The conduc-
tivity parallel to the needle axis of these crystals increases as the temperature is
decreased below room temperature, reaching a maximum of 1.08 a1~(295 K) at
— 240°K. It then decreases until 160 ± I°K , when it begins to decrease continu-
ously at a much more rapid but continuous rate . A maximum in — d log o/d (T~~)
is observed 7 at 150°K. These results indicate a metal-like behavior above 240°K
and an abrupt but reversible change at 1500K. In accord with the perspective of
Epstein a aI. ,~~° the transition at 150 K appears to be a semiconductor to semi-
conductor transition , i.e., metal-like variations in 41 (T) for T >  164Y K can be ac-
counted for by thermall y excited carriers with a temperature-dependent mobil-

l.2C I

f
I

- 0.40 - -

0.20 - : -

0 - -  I
uO 120 160 200 240 280

TEMPERATURE, T, K

FIGURE 4. Four-probe dc conductivity vs. temperature, for current parallel to TCNQ
chain axis.3

ity .’7 The mobility is determined by scattering of the charge carriers by the
- 

- 
- intramolecular vibrations. Variation from sample to sample is probably due to

- . 
- -
; scattering from sample-dependent defects and impurities.

Temperature-dependent microwave conductivity measurements ~ (FIGURE 5)
— ‘ 

- ‘ closely parallel the dc conductivity features. A microwave dielectric constant of
—40 is measured at low temperature (<60 K), which increases as the temperature

‘
I . ~ is increased, consistent with the decreasing low-temperature gap.U

- Room-temperature polarized reflectance data ’2 (FIGuRE 6) provide direct con-
- — 

,~~ firmation of the existence of a semiconducting gap in the metal-like regime. Analy-
- ; 

- 

~~~~~ ~~~I2 of data ranging from 20 cm~ to 25,000 cm~ yields an optical gap of

- . 
- 

~
- .; 

~~~~~~~ 
0.2 eV (consistent with analysis’ of dc conductivity data) and a plasma frequency

-•~~,.~~
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FIGURE 5. Microwave conductivity vs. temperature for field parallel to TCNQ chain
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of 0.63 eV. Prominent vibrational structure is in evidence for light polarized
parallel to the chain axis,12 as expected for a semiconducting state as a consequence
of electron-molecular vibration coupling.13

The temperature-dependent thermoelectric power,’4 5(T), further supports the
model of semiconductor behavior in the metal-like regime. Above 150 K, the
thermoelectric power is proportional to T ’  as expected for semiconductors
(FIGuRE 7).

The ESR linewidth5 monotonically decreases as the temperature is lowered
until 160 K, below which it broadens rapidly, in agreement with the conductivity
data. The ESR derivative peak-to-peak linewidth is —225 mG at 160 K and
— 500 ± 50 mG at 295 K. The isotropic nearly free electron g value (s = 2.003 *
0.0005), however, appears to remain temperature independent.5 No corresponding
change at 1 50K is observed in the protonic relaxation time.15

15C

0

S C .

.~~~ 6s~ O •  0
• .. s .

C -  f ~~~
_c,0° -

I I - - 
- -

.3 .4 .5 .6 .7 .8
1/1 z 104 (K )

FIGURE 7. Absolute thermoelectric power parallel to chain axis vs.

Young’s modulus ~ confirms this transition , as a small anomaly is ob-
served at 150 K. A large anomaly is also observed at T — 89K , which may be - - - 

- 

-

associated with the methyl rotation. This 89K anomaly may be the source of the
thermally activated relaxation process which is observed in the proton resonance
spin-lattice (T,) and spin-spin (1’2) relaxation times.’3

These experimental data show this thermally stable system to be of (N Me3 H + )
~(13 ),13(TCNQ) 2/3 composition. The complex exhibits properties that suggest

an energy gap exists at the Fermi energy at room temperature. This gap probably
arises from a periodic potential at the TCNQ chains induced by the distortion on
the (13 )  chains. This gap is consistent with the interpretation of the conductivity
in terms of an exponentially temperature-dependent, thermally excited charge-
carrier concentration in extended states, and a large, strongly temperature-

-
- - - dependent charge carrier mobility, determined mainly by interaction with molecu-

lar vibrations. The presence of semiconducting energy gap, despite the metal-like

- - - 
I — __m
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dc and microwave conductivity, is confirmed with polarized reflectivity and
thermoelectric power studies. Other measurements confirm the semiconductor-

• semiconductor transition at I 50K and suggest a second transition , probably
associated with methyl group rotations, at 89°K.
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These last years a new class of materials has appeared: the fl type of organic
charge transfer complexes which present a metallic behavior. As part of these stud-
ies we want to report here the synthesis and the physical properties of a compound
belonging to the TTF (tetrathiofülvalenium) family. The TTF-TCNQ charge-
transfer complex has been intensively studied , but the interest has recently
spread to other similar complexes, in particular the selenium analogs , among them
HMTSF-TCNQ, which has been found to be a conductor down to PK ’ and
semimetallic under pressure.2 In order to get a better knowledge of the general be- - - -
havior of this class of organic materials it is therefore of great interest to study the
sulfur analog: HMTTF-TCNQ.

CHEMICAL PREPARATION AN D STRUCTURE

The hexamethylenetetrathiofulvalenium (H MTTF) has been synthetized from
dithiocarbam ate.3 Two original ways are proposed , as described in TABLE I , in
order to get HMTT F, which is later purified by multiple soxhlet extractions with
dichloroethylen under argon. TCNQ was purified by gradient sublimation onto

- -~ - - • 
- Teflon (three times), and HMTTF-TCNQ crystals were prepared by slow cooling

- - - —
~ - : -

~. 
-

- of chlorobenzene solutions saturated at I I O C  in quartz vessels.
It has been verified 4 by x-ray diffraction at room temperature that a simple salt

-._.t .~3 1~~
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-
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TABLE I

dithiocar ixtiriate

1) H28O~

(yield — 90 %) 2) H ClO~ or Nap?6
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w similar to that recently described by Greene and colleagues~ was prepared.
Furthermore, the classical x-ray diffuse scattering at 2 k F has been detected ,6 in-
dicating a charge-transfer of 0.72.

PHYSICAL PROPERTIES

Electrical Conductivity

The absolute value at room temperature and the thermal variation of dc elec-
trical conductivity along the needle axis indicate a similar behavior , as previously
published 5 (FIGURE 1). About 7YK , a broad conductivity maximum occurs, fol-

0. 31 0.02 0.03 ~~ 
lIT o•~

t~, a (Q ’ cm ’)
‘ -

T 75K \

FIGURE 1. Thermal variation of dc conductivity in reduced values versus T— I ; the ab-
solute dc conductivity at room temperaturr: is ~ ~ 550 (0cm) — I .

lowed by two sharp transitions at T~1 — 49 ± I K and T~2 — 43 ± 1K  when the
temperature is going down. Above the transitions a square dependence on tem-
perature is observed , as in other metallic charge-transfer complexesL2 that we wil l
analyze.

- 
- 

Static Susceptibility

The temperature variation of the static susceptibility obtained by the Faraday
method is shown in FIGURE 2. Below 30’K the susceptibility follows a Curie law: a
plot of x.~ versus T ’  gives a straight line whose slope is the Curie constant
C & 14.7 x emu K/mole (corresponding to 3.9 x I0~~ paramagnetic
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FI GURE 2. Thermal variation of magnetic susceptibility. The experimental points

(crosses) are shown at bottom; intrinsic paramagnetism (dots) obtained after corrections for
core diamagnetism and Curie paramagnetism are shown center; top shows a plot of In (I T )
versus T I .

centers per mole, assuming g — 2 and S — ~). The extrapolation to T ) 0,
gives x — — 2.8 x l0~~ emu/mole , which is in good agreement with the diamag-
netism calculated from Pascal’s constants (—2.7 x l0~~ emu/mole) .7 Afte r sub-
stracting the Curie part an i  the core diamagnetism from the observed suscepti-
bil ity, the residual part is obtained. The thermal variation of paramagnetism, al-
though looking regular at first view , seems to present a slope change around 44 K

- - if ln(~ T) is plotted versus T~~ (FIGURE 2).
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EPR Investigation

Experiments were carried out on single crystals with a Varian X and Q bands
spectrometer equipped with home-made (below 78° K) and standard (78-400° K)
thermal-variation accessories.

From the structure determination4 5  we know that this charge-transfer complex
crystallizes in the orthorhombic system. By rotation diagrams at 295°K we
checked that the g-factor and the line-width between inflection points (S) of the
unique line are frequency independent in spite of some experimental differences.
Besides, they behave as second-order tensors with the principal axes in agreement
with the crystallographic ones (FIGURE 3). For the three defined positions, we
studied the thermal variations of the EPR line between 5° and 400° K as indicated
on FIGURE 4. The labeling of the g-factor and line-width was done following
Greene’s work;5 without morphologic indications X and Z directions are indis-
cernible; they were attributed by analogy with Tomkiewicz and colleagues’8 ex-
periments on TTF-TCNQ because of the similarities of behavior except for the
g-factor thermal variation (FIGUR E 4b).

g I HMTTF - TCNQ 298 K

2,~~~C . •

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I 
•

•
•

• II * x~~
—~~ I I I •

I I
2.~~~

(:9,5 0Hz
(:35 6Hz

•1 
•

.1

I• : ~~~~~• .  S I  •I I
ff.FZ #~ I Y

5 a

0
Fiouu 3. EPR rotation diagrams at 295°K in the (Y Z) crlstallographic planes: a is

the angle between Z axis and the applied magnetic field H0;g is the g-factor and S the
line-width between inflection points.

~:‘ ~~~~~~~~~~

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~

- —w- .



~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -________________

472 Annals New York Academy of Sciences

577 (g.uss)(.)
30 HH TTF TCNQ

À Y  ass

H o / / V
20 . ?/i100

10 2,X5O

C .1.w —
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FIGuRE 4a. Thermal variations of the diagonal terms of the g-factor (.) and line-width
S (o) tensors observed in the X-band spectrometer. Magnetic field H0 parallel to the
Y axis.

S,1 (puss) (o) g,, (.1
30 HHTTF - TCNQ

C L. J_._
W ~~~ Tf r)

Fiouta 4b. H0 is parallel to the Z- and X-axis, and the microwave field H, is parallel
to the needle axis 1. See legend for Fzouu 4a.
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FIGURE 4c. See legend for FIGURES 4a and 4b.

The observed line-width is Lorentzian in these two directions (X and Z) but
slightly asymmetric, due to a small skin effect, in the Y direction.

Specific Hea t Measurements

Experiments were carried out between 1.5’ and 1O’K with an adiabatic
calorimeter. The sample was a pellet weighing about 100 mg, placed on an
alumina support as described elsewhere.9 The specific heat of HMTTF-TCNQ is
shown on Fioua~ 5, where we can see that an ordinary cubic term appears that
allows us to calculate the Debye temperature (OD — 86 K). This result can be corn-
pared to the low temperature specific heat of TTF-TCNQ (8,, — 89.5’K).’°

ANALYSIS AND INTERPRETATION

Conductivity Behavior

The dc conductivity is similar to the previously known result.5 To compare
these results the data are plotted in the form suggested by (hoff ci al.” and used
by Isett and Perez-Albucrne.’2

4- .  ~-

~~~~~~~~~~~
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CIT (nij/g K’)

HHTTF TCNQ
•
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S ciT :0. ~~~2 Ti mJ / g K’
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FIGURE 5. Thermal variation of the specitic heat C,, between I and S K  plotted as C~/T
versus T2 (the experimental error is about 5_l0%). 

-

The basic assumption is that the resistivity may be written in the form of a
Matthiessen’s rule:

p(fl v. p0 + bT’ (1)

where Po is a sample-dependent quantity and bT’ is an intrinsic law for the ma-
terial under consideration.

In order to determine the exponent r, we use the following expression (see
FIGURE 6):

R0 — R  I r\’lin 
R0 — R , 

— cste + log [I — (2)

where R is the measured resistance at T, R0 the value at T0 ~ 290’K, and R, the
value at l’, — llO°K.

We find that the best fit is obtained with p — 2.2 ~ 0.2 and p — 0.3 10 ’ Ocm.
From the results of Greene ci a!.,5 the same analysis furnishes a slightly smaller
value: p — 1.8 ~ 0.2. It seems, therefore, that an exponent of the order of 2 is
correct for this compound. In the h F  and HMTSF-TCNQ compounds larger
values of v have been found (p ~ 2.3—2.4),” but some discrepancy might be due
to the measurement techniques.

A macroscopic model has been proposed by Phillips ” to explain such a rela-
tionship, but the problem of the metallic conductivity temperature dependence
does not appear to be clarified.

Furthermore, we observed a rounded maximum which is separated from the
first transi tion temperature by about 25’K (see FIGURE 1). Following the argu-
ments given by Horn and Rimai” for TTF-TCNQ, this behavior indicates resistive
fluctuations in quite a large domain , as are supposed to occur In a one-dimensional
electronic system. 
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Phase-Transitions Analysis and Magnetic Behavior

The specific heat in the helium temperature range (FIGUR E 5) is characterized
by the absence of a linear term which indicates a nonmagnetic ground state and
confirms that a metal-insulator transition has taken place at higher temperatures
on the two chains.

The g-factor anisotropy and the mean value reported in FIGURE 7 furnish a first
insight into this phenomenon. As shown on the thermal variation, the g-value
reaches a maximum about 43’K with a value ( j  — 2.0077), near the accepted

0
a (Ti

v:2.0
• HMTTF - TCNQ :1,8

-1-

• ~ir results with an estinated
error !~&: ~~-2 2

K f r~’f l GREE?E of aV. (5)

-2 -

b: i

: 0

FIOU RI 6. a(T) — In R0 — R7/R 0 — R1 versus Ti n high-temperature region from T0 —

290’K to T1 - l lo’K , for two crystals of HMITF-TCNQ. Comparison with calculated
curves for different temperature exponent values defined in (1).
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value for liFt and derivatives radical-cations.’5 This result indicates the occur-
rence of a Peierls distortion on HMTTF chains at that temperature.

As previously used by Tomkiewicz cv a!. for TTF-TCNQ, the measured
g-value is related to the molecular g-value of the acceptor and donor stacks
(g, and td) and their respective susceptibilities (~~ and X4) by the following ad-
ditivity relationship.

(3)
with a + ~ + “y - I

a _ ~~k. p- _ ..! L ~~~~~~~~~~~~~~

Xiii . Xi... Xi...

Xiii. — X. + ~~ + X~ at a given temperature and ~ the Curie pararnagne-
tism determined at low temperatures (see FIGURE 2).

By assuming temperature-independent g-values for each species it is possible to
calculate the thermal variations of paramagnetism for respective donor and ac-
ceptor stacks. In order to carry out this calculation we have chosen for g, a
STCNQ — 2.0025, as previously determined ’ id • ~HMTsF — 2.0084; the
g-value of HMTTFt in solution is unknown , but it is reasonn able to assume it
similar to the lIFt and substituted analogs” because the spin-orbit coupling on

-
• 

• ‘ . sulphur atoms should be the same.
*4~-• 

•f
~-~j
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— 2.0042. This is the extrapolated value at zero Kelvin from the thermal
variation at very low temperatures where the paramagnetic localized centers
affect the g-value (FIGURE 7).

A remark must be made about this value: If we assume that the localized
spins are equally distributed to each stack , whatever the charge-transfer amount is,
we might observe a larger figure, about 2.0054; actually, this discrepancy is not
understood.

The thermal variations of paramagnetism are presented in FIGURE 8. We ob-
serve that the donor stacks of HMTTF are predominant at low temperatures
where we can detect the second transition temperature T~2 concerning the acceptor
stacks of TCNQ. Our experiments do not appear accurate enough to show the
first transition temperature Ti,. However, the associated paramagnetism is tem-
perature dependent in a large range, as predicted by Lee cv al.’6 with a model
where the interactions between stacks are weak and the l-D fluctuation effects are
dominant.

Line- Width Behavior and 3-D Interactions

The line-width is anisotropic and characterized by the ratio S,,/S,, or
S,jS,~, which increases at low temperatures , but it is always lower than two. This
is in agreement with Yafet’s theory ” for free-charge carriers in anisotropic solids
when the motionnal narrowing is complete, which predicts also that 

~
‘2 < 2 T1

(T, and T2 are respectively the spin lattice and spin-spin relaxation times).
From an argument given by i.D. Schultz and quoted in Reference 8, the re-

laxation processes in electron-spin resonance are more and more efficient when the
departure from the unidimensiona lity for the electronic system becomes larger.

X, V4 (MW CCS/res~~’)

2 -
XTCHG

— 

I 
~~~~~~~~~~~~~~~~~~~~~~~X NMTTP

Fiouu 8. Thermal variations of psramsgnetlc susceptibilities attributed to donor stacks
(XHMrrr ) and to sccsptor stacks (*rCNQ).
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The relaxation times T, and T2 are shorter and the li ne-widths larger when the
interchains electronic coupling are more efficient. In this compound the line-
widths , at a given temperature , are twice as la rge as in TTF-TCNQ with a similar
temperature dependence, because more influent 3-D couplings must exist. It is
noteworthy to point out that spin-lattice relaxation-time measurement at 295 l(
on TTF-TCNQ have shown that T~ ~ — 0.019 10 6 s. If no anisotropic re-
laxation times seem to exist on TTF-TCNQ, a similar result might occur in
HMTTF-TCNQ, too .

afl
v’: 0,3

v ’:O .S
v’: l,O

— 1 ’  U

FIGuRE 9. a(T) — lf l ( S T0~~ —

. Se., •
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— 2  . . s,, high-temperature region from
— 300’K to T1 — 80’K for the

‘ 5,, three components of the line-
width tensor and comparison

— with the theoretical relation (3).
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If we now examine the mean line-width thermal variation (FIOURE7), we ob-
serve a maximum around 70K with a high temperature dependence similar to the
electrical resistivity . Such a correlation has been analyzed by Yafet,” who has re-
viewed the possible interaction mechanisms for the spin-lattice relaxation in metals.

It was concluded that there exists in metals a relation between T, and
the electrical resistivity if the relaxation rate due to the modulation of the spin-
orbit coupling by lattice vibrations is the most effective process. Such a relation-
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ship might exist in anisotropic materials such as HMTTF-TCNQ. To look for this
point we assume that:

the line-width S is proportionnal to T2, in absence of saturation effects, and
to T , because T2
the thermal variation of the inverse of the line-width is equal to

S — S~
1 + cT~’ (4)

with use of a similar form as for resistivity (see (1)), where cT” is the in-
trinsic term.

So is the line-width that we attribute to the scattering by impurities and defects.
By using the same plot as previously (See (2)), we examine the temperature de-

pendence of the inverse of the line-width between T0 = 300°K and T, — 80°K
(FIGURE 9). This picture indicates that:

the three line-widths follow the same temperature dependence, which does not
obey the presumed law (v’ ~ 2);
a unique temperature dependence is not followed in the observed range.
Qualitatively, around 2000 K, a change is detected.

It can be due to either a different interaction mechanism or a change in the
ratio T2/T1, which depends on the anisotropic electron-phonon interactions.

It therefore appears that the intrinsic thermal variation of the line-width is not
correctly understood in the metallic range of this material.

CONCLUSION

Comparison with the properties of similar charge-transfer complexes—
namely, HMTSF-TCNQ and TTF-TCNQ---is interesting. Similar crystallographic
structure with HMTSF-TCNQ with a charge transfer amount quasiidentical is
seen.4~

56
~

9 The physical properties, as previously pointed out by Greene and
colleagues,5 behave the same way. A fter 90°K, the thermal variation of paramag-
netism is parallel with a larger value for HMTTF (+ 1.2 x io-~ emu CGS/mole).
This comparison indicates a narrower bandwidth in the sulfur compound than in
the selenium one with a free carrier mobility estimated to be smaller. No semi-
metallic state exists at low temperature, and we do not detect any Landau dia-
magnetism.2° Compared to TTF-TCNQ, several differences are noted relative to
the maximum of d.c. conductivity, the g-factor thermal variations , and the 3-D
electronic interactions between stacks. They must be related to differences in
crystallographic structure and charge-transfer amounts.

In conclusion , this study has shown that the magnetism of HMTTF is pre-
dominant at low temperatures; these chains undergo a PEIERLS transition at
43° K. In that frame, the anomaly of conductivity detected around 49K is con-
nected to the TCNQ chains distortion. From the paramagnetism attributed to each
chain (FIGURE 8) we can assume that the high-temperature domain where resistive
fluctuations exist must be correlated to the TCNQ stacks if the decreasing suscep-
tibility is associated with the existence of a pseudogap more characteristic of l-D

— p — -—-———
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behavior. However , for a definite interpretation it will be necessary to resolve the
conflicting point between these l-D fluctuation effects and the 3-D interstack in-
teract ions indicated by the line-width values.
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PART III. INORGANIC MATERIALS

ELECTRONIC COUPLING ME CHANISMS IN
MIXED-VALENCE MOLECULES *

Henry Taube

Department of Chemistry
Stanford University

Stanford, California 94305

Interaction between metal ions in close contact or separated at most by a single
atom or ion have been described for numerous systems. By contrast, little has been
done explicitly on the electronic coupling mechanism and on the changes in prop-
erties attending the interactions for metal ions separated by several bond distances.
A means of studying electronic coupling in such cases is afforded by the substitu-
tion-inert (robust) mixed~valence molecules. Substitution inertia is important for
two reasons: it provides for preparative control, and ensures that structure and
composition are maintained in solution. The fact that molecules rather than three-
dimensional structures are being investigated also leads to a number of advan-
tages: the restraints placed on composition inherent in the latter kinds of systems
are greatly alleviated, and systematic-changes in composition can readily be intro-
duced. Also, properties in solution as well as in the solid can be determined, among
them the electrochemical and other chemical behavior. Finally, as will be seen, the
properties of mixed-valence species, important among them the light absorption
associated with inter-ion charge transfer,”2 provide a rather direct, though at this
stage still qualitative, means of learning about communication between the metal
ions and how this is affected by changes in structure and composition. 

I 
-

Some of the advantages of working with molecules rather than with intercon-
nected solid arrays have been pointed out, but it must be acknowledged that at the - —

same time, important advantages are lost when interest is limited to molecular
species. Thus, direct measurement of the mobility of the charge carriers is possible
for solids, but not for the discrete units which will be dealt with. Many of the ob-
servations for the two regimes are complementary , but, if the hopes of those work-
ing with the molecular species are realized, elaboration from the two- or three-
center species to large molecular weight units, possibly extending through a
crystal, will be achieved.

The systematic synthesis of the robust mixed valence molecules

/~~\ +
[(NH 3)s RuNQ,NRu(NHj) s)5~ and

(I) 0 0 (II)

- 
- 

- 

were reported in 1969~ and l970,~ and since then a large number of additional
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compositions have been described. This paper will be devoted mainly to species
related to (I), th at is those based on the Ru(I1I)-Ru(II) couple. These ions, low-
sp in d~ and d6, respectively, form complexes that are substitution-inert even in a
solvent as nucleophilic as water. Among the ligands, which , when attached to
Ru(III) and Ru(II), undergo substitution slowly are ammonia , nitrogen hetero-
cyclics, nitriles, cyanide ion , thioethers, phosphites, and phosp hines . The binuclear
complexes in the totally reduced or [2, 2] state can usually be formed simply by
mixing an ion such as Ru(NH3)5 H202

~, from which H20 is readil y replaced by
any of the ligands just mentioned, in a 2:1 ratio with the bifunctional ligand. The
mixed-valence, or [3, 2] state can then be formed by oxidation.

STRONG COUPLING

In summarizing the salient results, a number of molecules that appear to be
valence delocalized5 will be described first,6~~ beginning with the cyanogen com-
plex:

[(N H 3)5 RuN~~C—C~~NRu(NH 3)5 ]5~
(III)

It should be noted that cyanogen is an extremely strong ~ acid, a point that will
become especially important when the coupling mechanism in (III) is considered.
That there is strong dT —‘ 7* delocalization from Ru(H) to the ligand is shown
by the change in the C—N stretching frequency from 2150 cm - I in the free ligand
to 1960 cm ’ in the [2,2] complex analogous to (III) (for the Raman active band
the change is 2330 cm~~ to 2185 cm ’). For the [3,3] species, the JR active band
was determined only in the solid (bromide) and it appears at 2330 cm~~; as ex-
pected on the basis of other experience, there is little back-bonding from Ru(III) to
~ acid ligand.

In the mixed-oxidation state, a single IR frequency is observed at 2210 cm~~,that is, intermediate between those registered for [2, 2] and [3, 3].
If, in (III), a particular state with one ruthenium explicitly 3+ and the other 2+

had a lifetime long compared to that corresponding to the difference in vibrational
frequency, two IR bands would be expected, because Ru(IJ) and Ru(III), as has
been documented above, and earlier in the literature,7 interact differently with the
nitrile group. Thus the specific rate for electron transfer must be greater than the
frequency difference between 1960 and 2330 cm ’ or greater than iO’~ seconds ’.
It is because electron transfer is more rapid than vibrational frequencies, rather
than that the system conforms to the Robin and Day Class III definition2 that the
system is described as valence delocalized.

The mixed or [3, 2J state (but not the [2, 2J nor the 13, 3J), has an absorption
band in the NIR. This appears at 1450 nm in dimethyl formamide as solvent with
an extinction coefficient of 4.1 x lO2M 1cm ~. If the system were valence trap-
ped, this absorption band would be assigned to an intervalence transition. That
the valence-trapped description is not appropriate is shown not only by the IR
evidence but also by the fact that the NIR band is much narrower than is predicted
by the Hush equation’ (1.6 kK obs. vs. 4.0 calc.). The conclusion finds additional
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support in the observation that the band energy, far from following expectation’
based on charge trapping by solvent orientation, is essentially independent (varia-
tion less than * 2%) of the dielectric properties of the solvent. These assertions

• must be considered in the context of results to be presented later for systems in
which the valences are trapped, where it is usual that the band width at half height
is somewhat greater than the Hush Equation predicts, and where the variation of
band energy with dielectric properties does obey the relation E (I/n2 

— l/D)
(n 2 measures the high-frequency dielectric constant and D the static) with as much
as a 20% range in energy when the solvent is changed.

The relatively narrow NIR bands are characteristic of molecules, which, on the
basis of other evidence, appear to be valence delocalized. For such systems the
bands are also relatively insensitive to solvent properties. The latter observation is
easy to understand; if the rate of electron transfer is rapid compared to rotation of
solvent molecules (ca. l0~ sec~~), and this seems to be the case for (III), the solvent
will not participate in charge trapping by molecular reorientation.

The oxidation-reduction potentials for the separate stages of oxidation of the
bi- and polynuclear species studied can and rather routinely have been determined
by cyclic voltammetry. These measurements lead to determinations of the stability
of the mixed oxidation state with respect to reaction with itself (disproportiona-
tion) to produce the fully reduced and fully oxidized species. Making use of such
data, a lower limit on the conproportionation constant, K~, for (III)

(2,2] + [3,31 — 2[3,2j

of io’~ in DMSO is set. Because this value is so much greater than that of the sta-
tistical value of 4, a value that corresponds to no interaction between the metal
ions, there is a temptation to ascr ibe the stability of the mixed-oxidation state rela-
tive to the [2, 2] + [3, 3] to delocalization of the unpaired electron. This de-
localization, however, does not appear to be an important factor in the interaction.

In this connection, the relatively low value of the ext inction coefficient for the
NIR band needs to be taken into account, a value not significantly higher than that
observed for some val ence-trapped systems (vide Infra) . In considering the d cc-
tronic structure of the molecule , it is clear that the orbitals extending along the
molecula r axis (denot ed as the z axis) are stabilized by back bonding into the two
mutually perpendicular 1r orbitals of the ligand, at least in the (2,2] state . Because
of the extra stabilization of the yz and zx orbitals , on oxidation, an electron will
not be lost from them but rather from an xy orbital. Owing to the large distance
separating the metal ions, the xy orbitals interact only weakly. The energy needed
to make the coordination spheres about the metal ions equivalent is presumably
derived from the extra stabilization arising when the yz and zx electrons can de-
localize over the whole Ru—N C——C NRu framework, rather than being
constrained mainly to a RuNCCN unit, as would be the case for valence trapping.
On this basis, the unpaired electron, instead of contributing substantially to sta-
bilization of the ground state by delocalization, may take advantage of the sta-
bilization provided by delocalization of electrons in the yz and zx orbitals. Thus,
there is no particular mystery about the fact that the “intervalence” transition is
weak, even though there is a rather strong interaction between the electronic sys-

- . -~ tems of the metal ions.

-r - ~~~~~~ —- - -
.
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If the goal is to elaborate the two-center system into a useful linear conductor,
the results obtained for (III) are disappointing. The particular shortcoming of (III)
for such purposes is absent from a class of molecules to be described which have a
different mechanism for electronic interaction. These molecules have limitations of
their own based on their chemical properties as well as the basic ones inherent in
“linear” conductors. Molecules of the getieral type:

H I )
[(N H 3)5 RuNC~~C~-CN Ru(NH 3)3]4~

are readily synthesized. The results, which will be cited, were obtainedSa.8t
~ with the

particular derivative with R — t-butyl. This composition, rather than the simple
malonitrile, was chosen for practical reasons. The molecules, particularly in the
[2, 3] and [3, 3] state, undergo decomposition reactions, but the rates of these un-
desirable reactions are much slower for R — t-butyl than for many of the related
bridging ligands that were investigated.

The pK~ value of the free ligand is 13.2, but when doubly ligated by Ru(N H3)52
~pK0 > IS. The increase in pK0 for the ligand on being attached to the metal ion• has precedent in other systems, and is a response to net flow of electron density 

*from Ru(H) to the ligand by ird — ir * backbonding. The foregoing results are
cited to provide a basis for gauging the effect of withdrawing one electron from
the molecule. When the [2, 2] state is converted to the (3, 2], the pI(0 value of the
proton on the middle carbon falls to 2.4. Were oxidation limited to the ruthenium
centers, and were Ru(lU) to exert a purely inductive eff ect , a decrease in pK,, of at
most two units would be expected for the proton, which, it should be noted, is on a
carbon three atoms removed from the metal. The enormous decrease in pK1
registered shows that on oxidation, substantial electron density is removed also
from the’central carbon, or in other words, the electron hole created on oxidation
is not limited to the metal ion (ions) but is distributed over the molecule.

In contrast to the case of (III), in (IV)

:-bu

N#C
~~~~~~~ N

(NH 3)3 Ru Ru(NH3)5
- 

(IV) 
-

(since the ligand is deprotonated, the mixed valence species now bears charge of
4+ rather than 5+) the NIR absorption band has a very high intensity, ~ > l0~-
M ‘cnr I, the highest thus far reported for a mixed-valence molecule. The band
appears at 1260 nm in DMF and 1170 in D2O. It is again narrower than is calcu-
lated by the Hush Equation (2.72 kK obs. vs. 4.44 calc.).

A fundamental difference between a system such as (III) and one such as (IV) is
that whereas in the former, where id — ir interactions are in question, the elec-
tron hole is not in an orbital directly involved in electron delocalization along the
axis connecting the metal ions, in (IV), where i,d — ir delocalization seems to
obtain, the orbital containing the electron hole embraces both metal ions. In this

- -  

~

_:- - — —  —
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case, then, the delocalization involving the electron hole probably plays a prom-
inent part in stabilizing the ground state. Unfortunately, the evidence supporting
valence delocalization for (IV), using a criterion based on infrared frequencies can
be applied only with the greatest difficulty, owing to the fact that a solid phase con-
taining the mixed-valence ion has not been obtained. In addition, the criterion
based on the solvent dependence of the NIR band is not applicable in this case.
Because of the geometry of (IV), a solvent dependence is expected even for a
valence-delocalized structure, if only there is a change in the electron distribution
between ligand and the metal ions attending the transition.

The three items of evidence cited—namely, the profound effect of I e~ oxida-
tion on pK0 for the ligand, the narrowness of the NIR band, and its large extinc-
tion coefficient—do support the conclusion that (III) is valence delocalized. It is
somewhat bolstered by the fact that the conproportionation constant is again
large. The value of K~ for the reaction

2(2, L — , 21 + [3, L , 3] 2(3, L , 2]

isgreater than 1010 in water (only a lower limit can be set because only a lower limit
on pK~ for the [2, L, 2] state has been observed). As will be shown later, caution
must be exercised in using the values of K,, to reach conclusions about the strength
of coupling in the mixed-valence state. A large value of K,, may reflect an inter-
action destabilizing the (2,2] and/or (3, 3] rather than an intrinsic stabilization of
the [2, 3] by electron delocalization.

The difference in the interaction of ruthenium ions with a i-acid such as
R

N~~C—C~~N on the one hand, and a ir donor such as (N ~~C —C—C~~N] on
the other, is reflected in differences in the absorption spectra in the visible region.
It is typical of Ru(II) in combination with ir acids to show strong absorption cor-
responding to a w~ a— ad transition.9 For many nitrogen heterocyclics this ap-
pears in the visible region of the spectrum; for the (2,2] complex with cyanogen as
bridging group it appears at 360 nm (~ 

— 6.9 x 104M ~ cm~~). Since the (3,3]
complex is rather unstable in solution, spectra for it have not been obtained. It is
typical, however, for the i-acid ligand class that ir~ — ad transitions are shifted
to higher energies when the metal ion is oxidized. By contrast, the (3,3] state based

R

on [N C—~ —C~~NJ shows a very strong band at 786 nm ( — 3 x l0~).
This is ascribable to the interaction between the electron hole on Ru(III) and the ir
electron pair set free on the middle carbon w hen it is deprotonated. In the lit~iitcorresponding to localization of the electron hole on the metal ion, it wouk ‘,e
described as a id ‘— ir transition.

The first system of the general class under discussion which was shown ’° to be
valence delocalized according to the criterion used in this article was

- 
- (Cl(NH 3)4Os—N N—Os(NH 3)4Cl13~

(V)

- 

- - - It is introduced last because despite there being two intervening nitrogen atoms,
• 

-

. 
the osmium ions may still be close enough fo r direct orbital overlap, and thus (V)
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may not belong to the category to which this article is devoted. Nevertheless, the
observations are of such interest as to merit mention. Because the composition is
simpler , the results’’ for (V I):

((NH 3)5 OsN 2Os(NH 3)5]5~
(VI)

will be outlined, rather than those for (V), but it should be noted that the two spe-
cies have quite similar properties.

As is expected on the basis of other experience, when N2 is coordinated to
Os(IJ), the N~~N stretching frequency is significantly lower than when it is at-
tached to Os(III) — 2037 cm~ for (NH3)5OsN22

~ ‘2 and 2217 cm~~ for (NH3)~-
OsN~~~’3 However, in (VI), the N~~N stretch is virtually inactive in the IR, al-
though it does appear in the Raman spectrum (1993 cm 1 in bromide salt). The
observation that (VI) has a center of symmetry on the IR time scale places a lower
limit of — 1013 sec

_ 1 on the rate of electron transfer. The evidence to be adduced
suggests that the system is so strongly delocalized that the “rate of electron trans-
fer” has lost physical meaning.

Electrochemical measurements on the system giving rise to (VI) yield the fol-
lowing results for E1:

(3 3] > 1.04 
(3,2] —0 .l6V 

(2,2].

These values place a lower limit on the conproportionation constant of 1020; i.e.,
the osmium ions, far from acting independently, interact strongly enough to sta-
bilize 2(3, 2) with respect to [2, 2] by [3, 3) more than 26 kcal. That there is in
this case an intrinsic stabilization of the [3, 2] state is shown by the fact that
whereas (NH3)5 OsN23

~ loses N2 in aqueous solution at room temperature at a
• specific rate of 2 x l0_2 sec,14 the dinitrogen-osmium bonds in (VI) and related

species are indefinitely stable ((V) is produced in a solution heated at 70 for 36
hr). Thus Os(III) character has been lost from the osmium ions, and a new chem-
ical entity is beiny dealt with.

In contrast to the systems described earlier, and others to be introduced, for
both (V) and (VI) the NIR region is rich in transitions, at least 4 bands beir&g dis-
cernable in the spectrum of(VI) between 1000 and 2100 nm. In addition, there is a
strong band at 700 nm (s — 4.0 x 10~ mo1~ ’ cm ’ ), as well as bands at 260
(shoulder) and 238 nm. Most of the features of the spectrum that have been men-
tioneci remain to be understood.

-j INTERMEDIATE COUPLING

Even though species (I) is not fully understood, several significant observations
have been made in the course of the numerous studies devoted to it and to related
species.

Whatever the detailed nature of (I), it seems certain that the rate of electron
transfer is rapid compared to solvent reorientation. This follows because the

- - 
energy of the NIR band , which appears at 1580 nm in D20, is virtually m dc-

~ 
-
~~~~ ~• 

- pendent of the nature of the solvent. Furthermore, vibration frequencies, which

1-’~ 
- • -~ 

-
~“:~
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ordinarily are distinct for Ru(II) and Ru(II1) ammines, are averaged in (I). This
was observed for the symmetric NH3 rocking frequency by Creutz, and more
thoroughly and convincingly documented by Beattie et a1)~ for a number of other
frequencies.’6

These observations appear to set a lower limit on the lifetime of a (3, 2] state
of between 10 12 and io~ ’~ seconds. Finally, it should be mentioned that in com-
mon with the systems mentioned earlier, and in contrast to others, still to be men-
tioned, which are clearly valence trapped, the band is again abnormally narrow .

Even though, using the vibrational criterion, the system is valence delocalized,
it appears that the interaction between the metal ions is quite weak; i.e., delocaliza-
tion of the valences has done little to stabilize or modify the ground state. Thus the
substitution lability ’7 of H20 in

cis -( (NH 3) 4(H 20) RuN
~
DNRu(H2O)(NH3)4J 5+

is virtually the same as it is in

ftNH3)4(H2O)Ru?(O
~
11Rh(NH;)$P4 .

In the second case there is no possibility of modifying the properties of Ru(II) by
valence delocalization (Rh(HI) is in a low spin d’ state and the species is very diffi-
cult to oxidize). Substitution in Ru(IJI) takes place much less rapidly than in
Ru(II) and if Ru(II) in the bis-ruthenium ion acquired substantial Ru(III) char-
acter, a marked reduction in substitution rate would be expected. In this connec-
tion, it is important to remember that the uncertainty broadening for a lifetime
even as short as I0~~ sec is only a fraction of a kilocalorie. Thus a system may be
valence-delocalized in a practical sense, as is the case if the lifetime of a particular
valence assignment is less than that corresponding to vibrational frequencies in-
volved in charge trapping, and yet not have gained much in the way of electronic
stabilization.

The electrochemistry done on the ~s-pyrazine pentaamine and related systems

leads to some instructive comparisons. For the (NH3hRuT~Q~%J3f / 2 $
~ couple,

the value of Ej is 0.49 V. Ordinarily, when a cation is added to the terminal nitro-
gen of the pyrazine complex, the oxidizing power of the Ru(III)—Ru(II) couple . 

-

increases; thus for [(NH3)s Ru1f1fT~~~~~ 1CH3J Ej is 0.90 V. The measurement

made with [(NHs)sRu0T~Q~iRbm(NH3)s1 is particularly relevant to assessing

the interactions between the metal ions in the Ru—Ru case. Rhodium(III) is a d’
system, and both the Rh4~’3~ and Rh3

~’2~ couples are outside the range of poten-
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tials being considered here, the former very strongly oxidizing and the latter,
strongly reducing. The Ru3

~’2~ coup le for the rhodium(III)-capped species has a

value of E1 of 0.79 V. whereas E1 for the couple UNH3)s Ru14OWRu
~

(NH3)5)6~
/
~~, which is identical to the rhodium(III)-capped couple, but now with

an electron hole in the ad system, is 0.74. Thus the difference between the two sys-
tems suggests that the stabilization in the bis-ruthenium case ascribable to the
presence in it of the electron hole amounts to only 0.05 volts or ca. 1.2 kcal. The
value of E1 for the rhodium-bearing complex can usefully be compared also to the

value for the ((NH3)s RuN~Q$Ru(NH3)s] 5+/44- couple, measured as 0.37. If

the effect of capping the pyrazine on (NH3)s RuU
~~Q~ with Ru”(NH 3)5 were

simply a matter of positive charge, a value of perhaps 0.60 for the 5 +/4 + couple
would be expected (0.71 for the Rh~ (NH 3),-capped case). The fact that it is easier
by more than 0.200 volt to extract an electron from the (2,21 system than a purely
inductive influence would allow suggests that there are electronic interactions that
destabilize the [2, 2] state. This is shown more directly by the fact that Ru(IJ) is
unique among the cations mentioned in lowering the reduction potential of the

(NH 3)5 RuT~fl j 3 ’12 ’~ couple from 0.49 to 0.37 V . An obvious source of these

is the electronic repulsion that arises on delocalizing iud electrons from two cen-
ters into a common orbital on the ~ acid ligand. Thus the large value of K,, for

x l0’—appears to be less a matter of an inherent stability of the [3, 2]
state than it is of an intrinsic instability of the (2,2] (and perhaps the [3,3]).

On partial substitution of NH3 in (III) by a acid ligards, the character of the
NJR band remains unchanged, but the band moves to lower energies. Thus for

[(NH 3)4 Ru—$Q~4Ru(NI43)4J5~ and [b ip(NH 3)3 RuW~~~~
’WRu-

(NH 3)3 bipJ5~

thç band maxima are at 1650 nm and 1720 nm, respcctively.~ This is in the direc-
tion expected if the a acid ligands help to make the coordination spheres about
the ions equivalent; back-bonding, which is more important for the 2 + than for
the 3 + state, tends to offset the natural decrease in radius accompanying increase
in cationic charge. It is all the more surprising then to learn that

~~
-
~~~: -

~ 
[(bip)2ClRu$ ’W RuCl(bip)2J3~

-

~~~~~~~~~ 

- ‘

~~~ -- — -— —



Taube: Electronic Coupling Mechanisms 489

is a valence-trapped species.’8 The NIR band in D20 has its maximum at 1240 nm.
It is about 16% broader than the value calculated from Hush’s Equation.’ The
band energy nicely follows the property (I/n2 — l/D) for the five solvents studied
and changes about l0% over the range of solvents used (lowest energy in
C6H3 NO2, highest in D20), and thus the rate of electron transfer would appear
to be less than 1012 sec ’. Also significant for the issue of valence trapping is the
observation that the centrosymmetric pyrazine stretch absent in (2,21 and (3,3]
appears in the (3,21 species. This then sets an upper limit of lOll — 10” sec~on the rate of electron transfer. It is not clear at this stage whether valence trapping
is a consequence of having four a acid groups on Ru(II) competing with the
bridging ligand for ad electron density (this is expected to diminish the coupling
between the centers) or whether it is a result of having chloride ion in the coordi-
nation sphere. The Ru(H)—Cl - distance is expected to be considerably larger
than the Ru(III)—C1 distance, and this may be an important factor in valence
trapping.

Considerable work has been done with ~-pyrazine polynuclear species, which
has included the synthesis of a linear hexanuclear molecule.’9 The only results

• obtained with such species that will be mentioned are some which bear on the ques-
tion of electron transfer through a metal ion. The species

(NH 3)r_\
RNH,)s RuT~~~~~4RuNQp1Ru(NH3),]6÷

(VII)
shows ’9 three oxidation stages.

(3 3 3)_~O95 
(3,2,3] 

0.51 
(3,2,21 

0.40 
(2,2,2].

This assignment of oxidation states is unambiguous on the major point, that the
central ruthenium is the last to be oxidized: this ruthenium bearing as it does
two a acid ligards is expected to be 0.4-0.5 volts more diffici lt to oxidize than are
the terminal ones, which are associated with a single a acid ligand. The NIR
spectrum for the singly oxidized species is shown in FIGURE I. It is quite clear that
the band is composite when measured in D20 as a solvent, and the rough resolu-
tion into two components attempted places one maximum at 8.7 kK and another
at 5.9 kK. There is little doubt that the higher energy band corresponds to the
unsymmetrical transition:

(2,3,2] ‘— (3,2,21
The energy is high because to thc Franck-Condon barrier must be added the
difference in the equilibrium stability of the two species. This then leaves the low-
energy transition as related to the symmetr ical change

(2,2,3] ~~— (3,2,2). -•

- - We then have an example of electron transfer through a metal ion, despite the
• -

• - 

-

. 
- fact that the central Ru(II) has a rather stable closed electronic structure (ad6 low

- . - 
spin). The point, however, is that the system is only “rather” stable. The state

~~~~~~~~~~ 
[2,3,2J lies only Ca. 0.4 to 0.5 volts above the ground state (3,2,2] (or (2,2,3])
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FIGURE I. NIR absorption for ((NH3)s Ru?~Q~J Ru ~Q~4Ru(NH3)s) 7 in

solvents as indicated. Dotted line represents attempt to resolve band for D20 into two
components.

and therefore can contribute significantly by mixing with the ground state. Sup-
porting this interpretation are the observations made2° with

[(NH 3)s RuI4
~
Q4IR2N:O;NRu(NH3)s 1

(VIII)

• In this case there is no evidence of absorption for the 7+ in the NIR region at
low energies. An essential difference between (VII) and (VIII) is that the central
ruthenium in (VIII) is much harder to oxidize than in (VII). Thus the contribu-
tion of the state (2,3,2] to the ground state is less for the latter, diminishing the
interaction between the terminal ruthenium cations, and the intensity of the end-
to-end intramolecular transition.

WEAK CouPuNo

One example of a valence-trapped system has already been described. The
results for a rather extensive series of interrelated molecules, which provide some
constructive comparisons, are presented in TABLE I.

-

— -
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The intervalence bands are in each case of “normal” width, i.e., somewhat
broader than calculated by the Hush Equation. The energies of the bands are
solvent dependent, this variation being shown in FIGURE 2 for three bridging
ligands that provide for equal separations of the metal ions. As far as the data go,
they conform well to the requirements of theory for valence-trapped systems. It
is especially gratifying that the slopes of the lines in FIGURE 2 are approximately
equal, as theory requires if the metal-to-metal separations are the same in the
three different molecules. Finally, in outlining group properties it should be men-
tioned that for none of the systems does the conproportionation constant exceed
about 20, an observation consistent with the view that the coupling is weak in each
of the separate stages of oxidation.

In general, the relative intensities of the NIR bands follow expectation, if for
strong coupling, a conjugated bond system connecting the centers is important.
Among the first four entries, the lowest intensity is observed for the third ligand

12

• /
/ •

10- /
FIGURE 2. Variation of energy - ~i~Jof NIR band for ~-bL~(penta- • /
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shown, where, because of the location of the methyl groups, the two rings are
obliged to be almost perpendicular. The diazapyrene system calls for special corn-
ment. The ligand was chosen because it was felt that being planar, the lowest
unoccupied a~ orbital would be below that in 4,4’-bipyridine, where the rings
are not coplanar. In the light of this expectation, the results summarized were
astonishing but became less to when it was shown 25 that the lowest unoccupied
a* orbital for diazapyrene has the wrong symmetry to interact with the filled
da orbitals of Ru(II). The lowest orbital of appropriate symmetry has an energy
approximately that of 4,4’-bipyridine, with the rings at a torsional angle of 60’.

Where conjugation is interrupted by a saturated link—entries 5, 6, and 7—
there is a substantial decrease in the intensity of the intervalence band, but an
intervalence band still appears, and the mechanism by which electronic coupling
takes place in such systems is a matter of interest. In the case of —S— bridging
the two pyridine rings, at least three mechanisms come to mind: two invoke par-
ticular properties of the sulfur atom (i) contribution to the ground state by dcc -
tron transfer from a p orbital of S to Ru(III), (ii) back-bonding, using unoccupied
orbitals of appropriate symmetry on S; the third mechanism (iii) would involve

• direct ring-to-ring interactions. The fact that the intensity of the intervalence band
is about as great for 7 as for 6 suggests that mechanism (iii) can operate. Coupling
by a mechanism analogous to (i) would be strongly attenuated in 7 as compared
to 6, and by mechanism (ii) would also be strongly attenuated, and mechanism
(ii) in any case seems unrealistic for saturated carbon centers. Direct interaction
between ruthenium ions needs to be considered but cannot apply to both 6 and 7.
The Ru—Ru separation in 6, assuming normal bond angles is about 10 A, while
in 7 it is 7 A.

Considerable effort is being expended currently in study ing weak interac-
tions.26 These are interesting in their own right, and when sufficient data are col-
lected, may be amenable to theoretical analysis. They arc relevant also to concern
with the role of bridging groups reactions involving net electron transfer, i.e., in
oxidation reduction reactions.22 Effort is being devoted to uncovering other sys-
tems analogou~. to malononitrile; bls-(4-pyridyl)methane may behave in a similar
fashion if the oxidizing power of the Ru’~’2~ couple is increased.27 If the goal of
preparing high molecular-weight species is to be achieved, the synthetic strategy
used for the work outlined, which involves small sequential changes in structure,

0 becomes inappropriate. What is needed is a planar metal containing unit, which is
substitution labile in the 5th and 6th axial positions. Porphyrins meet these
requirements but are often rather intractable preparatively. Other macrocycles
may fill the stated need, and complexes with ruthenium(II) and (III)  are being
studied.~
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DISCUSSION

RosiN CLARK (University College. London, England): The resonance Raman
data on the ruthenium pyrazine mixed-valence dimer is now interpreted to imply
that the compound is valence-delocalized.

PETER DAY: I think that even in the pyrazine compound charge is trapped on
some time-scale, possibly faster than the lR time scale in the sense that there is a
visible transition that you briefly alluded to which is certainly the Ru11 to ir~charge transfer. Of course, that is an optical time-scale which is faster than the IR
time-scale, and the existence of that band suggests that on this more rapid time-
scale the Ru valence is trapped. Presumably, one should go to even faster time-
scale measurements and higher energies and more closely reassess the XI’S data to
see whether the Ru valence is also trapped on that time-scale.

TAUBE: The XI’S spectra obtained by Citrin (Citrin, P. H. 1973. .1. Am. Ciwm.
Soc. 95:6472.11’ have been taken to indicate that two different kinds of ruthenium
are present in the Creutz ion. Hush challenges this (Hush, N. S. 1975. Chem.
Phys. 10: 36l.Jt and points out that even in cases where the metals are equivalent

- - you can have splitting of the state that is created when the electron is removed,
and thus see two signals in the XI’S.

~ 
tReferences added.
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DESIGN AND SYNTHESIS OF
MIXED-VALENCE COMPLEXES*

Thomasi. Meyer
Department of Chemistry

The University of North Carolina
Chapel Hill. North CarolIna 27514

I NTRODUCTION

Many methods are known for preparing compounds where two or more metal
sites are held together by strong chemical bonds (metal-metal or metal-ligand-
metal). Mixed-valence compounds appear when a nonintegral number of electrons
i~ reversibly gained or lost either from individual redox sites or from delocalized
molecular orbitals. In mixed-valence compounds, the HOMO or redox levels are
only partly occupied and intramolecular charge transfer between sites 1 ecomes of
interest, as does the possibility of long-range intramolecular transfer :n mixed-
valence oligomers. The chemical bridge between sites usually provides the orbital
pathway for electron transfer and it is established and can be varied systematically
during the preparation of the material. In contrast to materials that rely on stack-
ing or other solid-state effects, intramolecular transfer is determined mainly by the
properties of the bridge and of the redox sites and can be controlled chemically.
Environmental effects are important, but to a lesser degree.

PROPERTIES OF MIXED-VALENCE COMPLEXES

The review articles by Robin and Day’ and by Hush2 and Hush ci al.3 and the
interest generated by the Creutz and Taube ion, E(NH3)5 Ru(pyz)Ru(NH3)5)5~
(pyz is pyrazine; N N),4 and by the biferrocenium ion ((C5H,)Fe(C3H4—

C5H4)Fe(C5H5)J4 , studied initially by Cowan and his coworkers,5 set the stage for
further developments in mixed-valence chemistry. Much of the interest in the area
has remained on these spin-paired d5-d’ systems because of their synthetic versatil-
ity . The work of my own group on these and other mixed-valence compounds has
been summarized in three recent accounts.’

In the complexes IB2 Ru(L)RuB2J3~ (L — N~~~~~ N, N~~~~
)_-<QN.

trans-N C)—cH__CH-_(0N; B is 2,2’-bipyridine), good evidence has
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been obtained for discrete Ru(II) and Ru(III) sites having properties of related
monomeric complexes of Ru(I1) and Ru(III).7’1 The appearance of Inter-valence
Transfer (IT) bands2 (Equation I) in the near infrared provides evidence for a
slight electron delocalization from Ru(II) to Ru(LH) in the ground state.

B2CIRu”(L)Ru ’”CIB23’ hr 
B2ClRu~~(L)Ru hIClB23l* (1)

From the dependence of IT band energies on such factors as solvent environ-
ment 7’9 and distance between Ru(II) and Ru(III) sites,5 it has been possible to
show that the semiclassical theories developed by Marcus ’° and Hush” fort thermal electron transfer and by Hush2 for intervalence transfer work well for
these systems. The barrier to electron transfer arises because metal-ligand bond
strengths and distances commonly vary with oxidation state, and outer-sphere
solvation energies are dependent on ion charge. In the absence of nuclear tunneling
effects, differences in coordination environments between oxidation states require
reorganization of outer and inner coordination spheres before electron transfer
can occur.

The situation is similar in unsymmetrical complexes like [(NH3)5 Ru m-

t%~~~~~~~ Ru~ClB2J’~ where the site of oxidation is localized at the more easily

reduced site.’2 However, the oxidation-state asymmetry induced by the differences
• in the inner coordination spheres makes electron transfer from Ru(Il) to Ru(III)

thermodynamically unfavorable, which increases the barrier to electron transfer.
The extent of metal-metal interaction can be changed dramatically by varia-

• tions in bridging or nonbridging ligands. The ion [B2CIRuORuCIB 2J2 ’ undergoes
reversible electron transfer to give mixed-valence + I and +3 ions, but electron
transfer occurs to and from delocalized levels rather than from individual Ru sites.
Taube and his coworkers have concluded that delocalization is complete in the

R

dimeric ions ((NH3)5 RuNCCNRu(N H ,)5J3~’ 
‘~~ and ((NH3)5 RuNCc!CNRu-

(NH 3)5 1” ~ the pyrazine-bridged ion ((NH3)5 RuN ~~~~~N—Ru(NH3)5]~~is

delocalized, or nearly ~~~~~
Similar observations have been made in ferrocene chemistry.” In ions like

((C 5H,)Fe(C,H4 C C C 5H4)Fe(C5H5)J ’ there appear to be localized redox
sites and well-defined IT bands,’7 whereas the + I and +2 bis(fulvalene) diiron
cations are delocalized.”5

The extent of delocalization represents a balance between the delocalization
energy and the reorganizational energy required to make the two redox sites
equivalent. For spin-paired d3-d’ systems, reorganizational barriers are character-

istically low (e.g., 5—6 kcal/mole for B2ClRu1’T~fl~4Ru”ClB334 in acetoni-

tru e7). Relatively subtle changes in the molecular structure are sufficient to change

.~~~~~~~~~ 
- -- - 5 -
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the extent of delocalization and cause the transitions between localized and delo-
calized cases in closely related compounds.

If delocalization is slight, the rate constant for thermally activated intra-
molecular electron transfer is given by Equation 2 ’~ In the absence of nuclear
tunneling effects, the origin of the activation barrier can be

k — v,~exp (—E ,/RT) 
• (2)

understood in terms of the treatments given by Marcus and ~~~~~~~~~~~~~~~~~~~~~ and E, can
be estimated from the energies of IT bands (E0,, — 4E4).2 The frequency factor
for electron transfer, 

~dt~ 
will depend on orbital overlap and the extent of de-

localization, whether treated as a surface crossing, resonance, or electron tunnel-
ing process.

If there is unsymmetrical counterion packing in the solid state because of dif-
ferent charge types (Ru’1—Ru~~), there will be an additional contribution to E0 (and
to Eq). Electron transfer then becomes an unsymmetrical process because of the
“frozen” nature of the outer coordination spheres in the lattice. Similar effects are
observed for higher mixed-valence oligomers in solution. In twice-oxidized I, I ‘-
terferrocene (Fc—Fc-—Fc)2~, the IT band is at higher energy than for (Fc—
Fc)~.~° The transition (eq. 3) is energetically unsymmetrical because of unfavor-
able interactions between adjacent ferrocenium groups.~ In (Fc—Fc—Fc) 2

~ and
in ions like [(N H 

~~~~ 
Ru” (pyz) Ru’1 (bpy)2(pyz)-Ru” (N H 3)5] 4~ 21 intramolecular

Fc
~

—Fc—Fc ’ 
hi’ Fc ’—Fc ’~~Fc5 (3)

electron transfer along the chain must occur by electron hopping (2, 2, 3 —
~~

2, 3, 2 —‘ 2, 2, 3) where the first step, which is endergonic, is rate determining.
If delocalization is extensive, but not complete, localized oxidation state sites

may exist, but the effects of delocalization must be taken into account. Delocaliza-
tion amounts to partial charge transfer, and the oxidized and reduced sites become
more nearly alike. Modified forms of the Marucs-Hush theory may apply to intra-
molecular electron transfer, but as the sites become more iearly alike, the activa-
tion barrier becomes “thinner” and the probability of electron transfer by quan.
turn mechanical tunneling through the barrier must increase.

In delocalized compounds, a hole exists in the highest redox level, and since it
is delocalized over both sites, there is no thermal barrier to electron transfer. Low-
energy absorption bands can appear, but their origin is ifl electronic transitions
between molecular levels and not in electron transfer between different sites. It is
the latter feature which characterizes IT transitions.

REDOX Sn’ss

The building blocks for mixed-valence compounds are chemical sites which can
both undergo reversible redox changes and be linked chemically. Several features
emerge from the work on spin-paired d5-d’ ions which are of general value in the
design of mixed-valence compounds.

In localized systems, the appearance of IT bands shows that directed, optical 
- -

electron transfer can occur, even over long distances as in ions like (B2ClRu~.- -

• - ~~~~~~ •
,

- -~~ -
— 

- 

- 
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• 

Nfl) _
~ =C_(~~~~~ Ru mCIB 2J3÷ .8 The appearance of IT bands also pro-

vides evidence for the existence of the related thermally activated process.
There is a close connection between elect-ron transfer processes and the proper-

ties of mixed-valence ions. The same factors that decrease activation barriers for
intramolecular electron t ansfer will increase the probability of a delocalized
description. Activation barriers can be minimized in two ways. For cases like the
spin-paired d5-d’ ions, the inner coordination sphere environments are similar be-
cause there is no occupation of metal-based antibonding (e,) orbitals. Contribu-
tions from inner-sphere reorganizations are small.~ Large barriers will exist where
there are changes in coordination number between different oxidation states
(Cu(II)—Cu(I)) or where spin changes occur (Co(III)—Co(II)) which lead to
significant differences in metal-ligand bond distances.22 Contributions from outer-
sphere reorganization can be minimized by using large ions and short internuclear
separations between sites.8 Delocalized cases will be favored when re-

• organizational energies are low and electronic interactions between the redox
orbitals on different sites are high.

Stable mixed-valence complexes will be favored for second- and third-row
transition metals where complexes are substitution-inert and where greater
d-orbital extension can lead to stronger metal-metal interactions. The exception is
in low oxidation state organometallic complexes where strong ligand fields lead
to spin-pairing and coordinative stability even for first-row complexes, and some
spectacular examples of reversible electron transfer behavior are known, e.g.,
Cr(NCR)6 /°/~/2’ 23

Many chemical systems exhibit mixed-valence properties. They can differ in
the nature of the chemical bridge, in the nature of the redox sites, or in the prob-
able orbital pathway for intersite electronic interactions. All have their distinctive
features, and several different types are discussed below, frequently with examples
from my own work for convenience.

Metal- Metal Bonds
In compounds like (CO)5Mn—Mn(CO)5 there is a direct metal-metal bond

between the metals. The bond strengths for typical metal-metal single bonds
appear to fall in the range — 20--SO kcal/mole and the thermal chemistry of these
compounds, including their redox reactions, is dominated by the metal-metal
bond.2’ In structurally simple systems the metal-metal bond acts as both the chem-
ical bridge and the site of redox, and oxidation-reduction processes frequently
occur in net two electron changes with a breakdown in primary structure (Equa-
tion 4). -

2fr—C5 H,)Fe(CO)2S4

((w— C,Hs)Fe(CO)213 —1 (4)
I_____Ip. 2(a —C 3 H5)Fe(CO)2

+2e
(S is solvent)

5- - - - - .w- .- — -
~~

-
~

-
~~ 
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One-electron, mixed-valence compounds have been stabilized where certain struc-
tural features are present, including: a ligand bridge spanning the metal-metal
bond as in [fr—C5H5)Fe(CO)]2(Ph2PCH2CH2PPh2)~I° ~; a greater degree of
metal-metal bonding as in the tetrahedral cluster [(w—C 5H5)Fe(CO)J~~/°/~

/2
~~’or in the multiple Re-Re bond in Re2Cl52 13 ;27 or by stacking between square

planar units in a crystal lattice.
There are many examples of reversible redox behavior based on metal-metal

bonds even for first-row transition metal dimers like [Fe(CO)3P(CH 3)2]20/ /2
and [(w —C,H5)Co(SCH3)J2 ~~~~~ The relative contributions from metal-metal
and metal-ligand orbitals to the redox levels are not always clear. However, the
design of mixed-valence materials based on metal-metal bonds is very promising.
Metal-metal bonds can be linked by chemical bridges (Equation 5),~
2(i~—C5H5)2 Fe2(CQ)4 + Ph2PC CPPh2 —‘

(w—C5H5)2 Fe2(CO)3(Ph2 PC CPPh2)Fe2(CO)3fr——C5H5) + 2C0 (5)

and metal-metal bonded compounds can have an extensive reversible redox chem-
istry, as shown by the five different redox forms of the tetrahedral cluster
((T—C5 H5)FeSJ43

~’2’~’~’°’ .~~ They are very flexible as redox sites in that elec-
trons can be gained or lost from either metal-metal bonding or antibonding
orbitals to give delocalized, mixed-valence ions in which there is a partial metal-
metal bond (Equations 6, 7).

(T—C 5H 5)Fe~ ~~ ~) 

—C - 

~ (T—CsHs)FeE--
~

Fe(f —CsHs) ’

~ \ P h  Ph~~~/ ~

Ph~ ~ CH2 H2C ’ ~ Ph Ph~ ~ CH2-H2C~ ~ Ph
(d7-d’) (d’—d7)

(6)~ J
¶H3

(~—C5H 5)Fe Fe,,~(T—C5Hs) (ir—C3H 5) Fe------ Fe(T—C5 H 5) +

0C I Co OC CO

~H3 ~ H 3
(d’-d’) (d5-d’)

(7)~~

Small Inorganic Ions or Molecules as Bridges

- - - 
The properties of oxo-bridged dimers like (B2ClRuORuClB2J3~ and its

~~~pi~ + 1(2, 3) and +3(3,4) mixed-valence forms can be understood in terms of a
-‘/ ‘ 4.~ 

~
- -•f-

•
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t molecular orbital scheme involving delocalized levels having both da(Ru) and
p(O) character.3’ In this scheme the redox levels are antibonding and largely Ru in
character. The strong Ru—Ru interaction is like a metal-metal bond in that it
results in significant changes in chemical and physical properties compared to re-

* lated monomers.3’ Higher aggregates containing oxo-bridges are known including
the linear ruthenium red trimer I(NH3)5 RuORu(NH 3)4ORu(NH3)5]’~ and its
brown +7 form32 and the multiple oxidation state clusters (Ru30(CH3CO2)6-
L3) 3 I/ 24 /~~1 I  in which there are bridging acetates and an oxo-group bridging
three rutheniums.33

~The extent of interaction between metal sites can depend critically on the metal
• and its orbital properties. Stronger interactions should occur for second- and

third-row transition metals where the d orbital extension is greater. As examples,
Magnuson and Taube have concluded that the mixed-valence ion cls-(Cl(NH3)4-
OsN2Os(NH3)3J4~ is delocalized even using dinitrogen as the bridging ligand,35

whereas -in oxo-bridged FeØH)— Fe(III) dimers like [B2ClFeOClB2J2~,~
’31 the

interaction is significantly less than for Ru.3’ In the face-shared chioro-bridged
dimers M2CI,3 , there is a weak intermetallic interaction for M — Cr (Cr—Cr —

3.lA), a strong M—M bond for M — W (W—W — 2.4A) and the molybdenum
case is intermediate between the two others (Mo—Mo — 2.8A).~It is not always clear whether reversible redox processes and the orbital de-
scription of mixed-valence ions are metal-Isgand-metal or metal-metal based.
There are both ligand bridges and strong metal-metal bonds in the dimers I and II
below.

H~~~~~HPPh 3 P,~ ~o. ~~PPh 3 ,,.N~~
Ir Ir (NH3)4Ru Ru(NH3)4

• ON~~ 
‘
~NO >(

(Ir-Ir2.56A) 
(Ru-ku2.62 A)

In the interesting “Ruthenium Blue” ions like ((NH3)3RuCl,Ru(NH 3)3 j~
,2

~
,3

~,the nature of the metal-metal interaction remains unclear- in the absence of struc-
tural information.” - 

- 

4

Aromatic Ligands as Bridges

Ligands like pyridine and its derivatives have lowlying w orbitals, and
- -  di —. i’ backbonding can be of importance in their complexes. The effect is

well documented in pyridine complexes of Ru(II).’2” In bifunctional pyridines
the i orbitals provide a pathway for interaction between redox sites. In mixed-
valence Ru(Ifl—Ru(IH) systems , the key to the interaction appears to be the

•  extent of delocalization from Ru(II) to Ru(III) by di mixing with r~ orbitals of
~~ 

the bridging ligand.
da-i mIxing is strongly affected by competitive backbonding to nonbridging

- 
- 

~~
- - •

~~~~~~~ }~~
- ligands as shown by the much greater delocalization in I(NH3)s Ru(pyz)Ru.

(NH,)5 J54 compared to (B2Clftu(pyz)ftuClB3~S4 .l The importance of the orbital

r
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properties of the bridging ligand can also be demonstrated.’5 Molar extinction
coefficients at the IT A ma, in acetonitrile are 455 for ~~~~~~~~~~~~~~~~~~~

but only —20 for the analogous pyrimidine (N~~~~~~bridged dimer.” For the

latter ion, the Ru—Ru distance is shorter, but the nodal properties at the mela-
positions of the bridging ligand are unfavorable for delocalization from Ru(II) to
Ru(III).

In biferrocene, (C5 H5)Fe(C ,H4—C 5 H4)Fe(C 5 H 5), and its mixed-valence
ion, ligand w and metal di levels are close in energy and s’(ligand) —. di(metal)
interactions are of importance, especially at oxidized ferrocenium sites.16’18 For
[(C 5 H 5)Fe(C 5 H 4—C3H4)Fe(C 5 H 5)J~ the situation is reversed from the di —

case in that delocalization effects depend on electron hole delocalization from the
oxidized to the reduced site. This may be important, for example, for Ru-bpy
complexes, which owe their stability and easily controllable synthetic chemistry
(next section) to their electron-deficient nature. With the right bridging ligand it
may be possible to change the nature of the interaction from electron to electron

• hole delocalization , and so to prepare delocalized Ru-bpy polymers.’7

Lj ga nds as Redox Sites

In the design of mixed-valence compounds, there has been a bias toward the
use of metal-based redox sites. There is an extensive reversible organic redox
chemistry, and in chemically bridged systems, typical mixed-valence behavior can
be observed. The best example is from Mazur’s work with cis-lO, I 1-dimethyl-
diphensuccindan-9, l2-dione (III) where electrochemical reduction gives a — I
mixed-valence ion having an intense IT band in several solvents.’8

KI~~~~~~~~~~~~

III

In fact, in appropriate metal complexes, the function of redox site and bridge
may be reversed. In mixed dithiolene-a,a-diimine complexes of nickel, low-
energy absorption bands appear that can be assigned to intraligand CT transitions
with the metal ion used as bridge between electron donor and acceptor sites.
(Equation 5)~49

-
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In the mercaptide-bridged trimer [B2CIR u (SPh) RuB2(SPh) RuCIB2 j2+ oxidation
to the +3 and +4 mixed-valence ions has only a slight effect on both uv-visible
spectra and on the Ru 3d,12 binding energy by ESCA both of which are known to
respond to oxidation of Ru(II) to Ru(III).’° The mercaptide-bridged system may
be similar to (B2ClRuORuClB2P’2~~

3’ except with ligand- rather than metal-
based orbitals lying highest. The question of a localized or delocalized descrip-
tion or of rates of intramolecular electron transfer must then depend on the ex-
tent of the interaction of the mercaptide groups through ruthenium, and not
vice versa.

The extent of ligand-based, multiple redox chemistry can be extraordinary.
The bridged tetrathiolene complex (IV) has been found to undergo four reversible
one-electron oxidations which are based largely on the ligand as shown by epr.”

(Ph 3 P)2P(I~~~~~~~~
yt(PPh3)2

SYNTHESIS

The chemical variety in known mixed-valence systems is impressive, and
clearly, many new compounds are accessible with the use of known synthetic
chemistry. In most cases the key synthetic step is formation of the chemical bridge
between redox sites. There seem to be nearly as many reactions and synthetic ap-
proaches as there are chemical systems, and I will limit my discussion to reactions
that have proved useful in my own work. It is hoped they will illustrate strategies
that may be of general value in the design and synthesis of new mixed-valence
materials. -

Synthetic control whei-e one of the oxidation state sites is labile can be ex-
tremely difficult. Unless macrocyclic ligands are used, the inner coordination - - 

-

sphere around the labile site will be determined by its equilibrium properties in
solution and not by prior synthesis. Spin-paired d’ complexes (Ru(H), Co(III),
Rh(IIJ)....) avoid this problem, since they are usually substitution-inert. By
incorporating labile solvent molecules, controlled substitutions can be carried out
under mild conditions. For example, in (9) the solvent molecule (acetone or meth-
anol) in RuB2SCI4 is weakly bound and is selectively displaced by added pyrazine

B2CIRu(pyz)”
RuB2SCI4 

I 2 
+ RuB2SCI’ (9)

B2CIRu(pyz) RuClR22’

to give RuB,(pyz)Cl4 . The pyrazine complex is itself a ligand and can react further
with RuB2SCl~ to give the dimer. The dimer can also be prepared by a direct

v- - - -- ~~~~~~~~~~~~~~~~~~~ 
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coupling reaction when ~ the stoichiometric amount of pyrazine is added to the sol-
vent-complex.

A number of reactions have been developed for d6 complexes that lead to syn-
thetically useful solvent complex intermediates. They include photoejection of CO,
oxidation of metal-metal bonds (10), and reactions of coordina ted ligands includ-
ing the Ru-bpy examples shown below (12-14).

(w —C,H,)2 Fe2(CO)4 + 2S 
2e _ ,  2(ir—C,H,)Fe(CO)2 S~ (10)52

Co(NH3)s N32l
~ + S + NO~ 

—. Co(NH3),S3
~ + N2 + N20 (l1)’~

- RuB 2(NO)Cl2’ + N3 + S -~~ RuB 2SCl~ + N2 + N20 (12)”
RuB2(N3)2~ + S —‘ RuB2(N3)S~ + 3/2 N2 (13)”

RuB 2CO3 + 2H~ + 2S —‘ RuB2S22
~ + H 20 + CO 2 (14)”

The reaction involving nitrosyl complexes (12) has been especially useful in
Ru-bpy chemistry. Of equal use in pentaamine chemistry have been displacement
reactions based on Ru(NH3),S2~ (S water or acetone) (Equations 15, 16) which
have been exploited most notably by Taube’s group.

2Ru(NH3),H202’ + —, (NH 3),Ru~~~~~~JRu(NH3),’~ + 2H20

2Ru(NH,),S2
~ + RuB2(pyz)22

~ —. (NH 3),Ru(pyz)RuB2(pyz)Ru(NH3),’~
+ 2S (16)21

Labile Ru(II) intermediates have also been of value in the oxidative preparation of
oxo-bridged dimers (17). In some systems a metal-metal electronic interaction can

- 4Ru(NH,),S2~ + 02 — 2(NH,~,RuORu (NH ,),’~’ (17)”
be “turned-on” or enhanced by reactions at the bridge following dimer formation
as in reactions IS and 19 from Taube’s work. - 

-

• (NH,),RuNH2CH2CH2NH2 Ru(NH 3),’~ 
4e

(NH,),RuNCCNRu(N H,),” + 4H 4 (18)’~
ft ft
I 

_ _ _ _  

I(NH,)5RuNCCCNRu(NH3),” -__-, (NH,)5RuNCCCNRu(N H,),’~ (19)”

H

The synthetic requirements are more severe for the preparation of higher
oligomers having controlled chain lengths. Methods must be available for the
sequential, stepwise preparation of complexes in which substitution at two co-
ordination sites can be controlled independently. For Ru-bpy complexes, the
combination of reaction 12 and the known conversion of bound nitro into nitrosyl

• groups by acid (20) provide the necessary synthetic chemistry for activating .co-

-
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ordination sites to stepwise substitution.
2H~ + RuB 2 NO 2CI —‘ RuB2(NO)Cl2~ + H20. (20)~

As shown in the scheme below , a series of ligand-bridged Ru-bpy polymers have
been prepared based on the nitronitrosyl chemistry .’9 Polymer chain lengths can
be increased by direct coupling of solvent complex intermediates (reaction A in the
Scheme) or by coupling reactions using RuB 2(N02)pyz ’ ; the attached Ru-NO2
group can always be recycled through the scheme (reaction B).

B2 Ru(NO)NO22
~

I+ N 3
+ $ ___

B2Ru(pyz)Cl + B2 Ru(NO2)S~ B2ClRu(pyz)Ru(NO2)B22
~1. +H~

~2. +N~~

B2ClRupyz[RuB2(pyz)~ RuClB2” u
+ 1/2 PYZ B2 CIRu (pyz) RuSB 23

~
+RuB2 (N02)pyz ’

B2CIRu(pyz)RuB2(pyz)Ru(N02 )B24
~

B

2+

- 

~

-

• 

•

V 

CK~~N

• 5Onwft.cL) O~1MTMH

• 

I I I i I

- 
‘- ‘ F ouas I. Cyclic voltammQ~ram of~(py)2 Ru 30(CH jCO2)6(pyz)Ru 3O(CH ,CO2)o(CO)-

- • (pyz)Ru30(CH3CO2)5(py)2J in acetonitrile.
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Complexes containing as many as six ruthenium sites have been prepared using
related sequences of reactions.59

Similar methods have been applied to the triangular, oxo-bridged clusters
Ru 30(CH 3CO2)6 L3. CO is firmly bound in the neutral clusters but easily lost
in the + I ions which provides the basis for the reactions in (21). The cluster sys-

Ru3O(CH 3CO2 )6L2(CO) -e - 
Ru 30(CH3CO2 )6L2(CO) +

(2l)~’

1—Ru30(CH3CO2)6 L2S~
[Ru 30(CH 3CO2)6L2J(pyz)[Ru30(cH3c02)6 L2;2+ I_J

L 
+pyz

Ru 3O(CH 3CO2)6 L2pyz~
tems have an extensive reversible redox chemistry.3”7 The extent of interaction
between delocalized cluster levels across the bridging ligand appears to be con-
trollable by varying the ligand and the electron content of the clusters. Higher
oligomers have been prepared, and the extent of their reversible electron transfer
chemistry can be remarkable as shown by the cyclic voltammogram in FIGURE 1.
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SYNTHESIS , STRUCTURE , AND CONDUCTIVITY OF
NEW ONE-DIMENSION AL TETRACYANOPLATINATES

CONTAINING FLUORINE

Jack M. W illiams and Arthur J. Schultz
Chemistry Division , A rgonne National Laboratory

A rgonne. Illinois 60439

The numerous experimental and theoretical studies of inorganic one-dimen-
sional conductors in the past eight to ten years have, for the most part, concen-
trated on the metal-chain systems containing platinum.’ The focus of this work has

• been the prototype, “linear” chain conductor, K2fPE(CN)4JBro3 . 3H20,
KCP(Br).2 The corresponding “cation deficient” tetracyanoplatinate (TCP) salt
K 175 [Pt(CN)4J. l.5H2 O, K(def)TCP, contains a “bent” Pt atom chain. We
have studied both KCP(Br)2 and K(def)TC P3 by neutron diffraction methods and
have reviewed the overall field elsewhere) The partially oxidized TCP systems all
exhibit high electrical conductivity parallel to the Pt chain (o ~~~~ 100 — 830

‘ cm - I) but show gradual conductivity loss as the temperature is lowered.
A major difficulty that has plagued investigators in this field has been the

genuine paucity of new materials available for study. In the case of square-planar
platinum complexes, with electron-rich cyanide ligands, no new derivatives have
been reported since the work of Levy4 more than 65 years ago.

It has been our aim to attempt preparation of new TCP complexes with Pt-Pt
distances less than those previously known [2.87 A in KCP(CI) 51 and with degrees
of partial oxidation outside of the narrow range of 0.25—0.30 enclosed by
K(def)TCP and KCP(Cl). In addition to studying the relative electrical conduc-
tivities of these materials, other properties, such as interchain coupling and its
effect on the metal-insulator transition temperature, could also be investigated. To
this end we will discuss our synthetic, structural, and electrical conductivity re-
search into totally new TCP Systems which contain bifluoride(FHF) and fluoride
F - ions in the crystal lattice. The newly prepared systems are summarized in
TABLE I and are unique in that within the K’ , Rb’, and Cs ’ series, (1) the DPO
can vary from 0.19 to 0.40 and at DPO = 0.40 the shortest Pt-Pt spacings (2.80 A
in Rb’ and 2.83 A in Cs4) yet observed in any POTCP salt are obtained, (2) dif-
ferent Pt-Pt chain distances may be produced while maintaining the same anion
(FHF) and cation (Cs ’ or Rb ’), and (3) the first anhydrow POTCP salts have
been prepared which may promote the use of these materials in practical applica-
tions.

Rb 2[Pt (CN)4J(FHF)0~~, RbCP(FH F)
The preparative methods and the crystal and molecular structure for anhydroiu

Rb2 (Pt(CN)41(FH P)040 are given below.

• ‘Research performed under the auspices of the Division of Basic Energy Sciences of the
U.S. Department of Energy. The work of AJ.S. was partly supported by the National Sci-
ence Foundation (grant CHE76-07409). Manuscript received June 13, 1977.
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TABLE I
NEW FLUORINE-CONTAINING PARTIALLY OXIDIZED

TETRACYANOPLATINATE ONE-DIMENSIONAL CONDUCTORS

Pt-Pt
Compound Pt(DPO) ’ Distance (A) Color Reference

~~~ 2 [Pt(CN)4 J (FH F)0~ 
. 3H 20 0.30 2.92 reddish-bronze 7

Rb2[Pt(CN)4)(FHF)0 40 0.40 2.80 gold 8
Rb2(Pt(CN)4](FHF)026. I.67H20 0.26 2.89 greenish-bronze 9
Cs2(Pt(CN)4 J(FHF)0 39 0.39 2.83 reddish-gold 10
Cs2 [Pt(CN)4](FH F)023 0.23 t 2.87 reddish-bronze II
Cs2[Pt(CN)4JF019 0.19t,t 2.88 reddish-gold 12

‘Degree of partial oxidation.
tBased on the Pt-Pt separation, the DPO determined by elemental F analyses appears

anomalous both with respect to the trend observed in other TCP complexes and to the values
calculated for the DPO by using Pauling’s Equation.6

flhis is the first known preparation of a F — containing POTCP salt, and the structure
determination is presently under way.

Preparation. Anhydrous RbCP(FHF) has been prepared to date by an elec-
trolytic8 procedure only. In this procedure8 1.08 g of Rb2(Pt(CN)41. l.5H20,
3 ml of concentrated HF, and 2.0 g of RbF are added to 6 ml of distilled H20.
The solution is ekctrolyzed at 1.5 V in a polyethylene beaker with Pt electrodes
over a period of 24 hours. Needle-shaped crystals of RbCP(FHF) up to 5 mm in
length are grown in this manner. The lustrous metallic gold-colored crystals have
been shown to be anhydrous by thermal gravimetric anal ysis and as a result of the
crystal structure determination (vide infra).

Crystal and Molecular Structure. The crystal structures of M2[Pt(CN)4 1-
(FHF)_ 0.40, M = Cs and Rb, have been determined by x-ray diffraction)3 These

~~~~~~~~~~~~~~~ o .

T!~~~~~~~~~~~~~~~ R~~~~~

° 

~~~~~~~~~ =o~~

FIGURE I. A perspective view of the unit cell of Rb2 (Pt(CN)4)(FHF)~.,0. The small cir-
• • 

• des are the partially occupied fluorine pos itions. The thermal ellipsoids of the other atoms
- - - - .~ - : 1  are drawn with a scale of 500/. probability.

- - -
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two materials are isostructural, crystallize in the body-centered tetragonal space
group 14/mcm, and are structurally different from KCP(Br, Cl) (space group
P4mm). They constitute new structure types in the POTCP-KCP(X) series and in
addition are the first to contain a triatomic anion, (FH F)- .

The crystal structures, as shown in FIGURE 1, consist of columnar chains of
square-planar Pt(CN)4~~6° groups that stack parallel to c. The derived Pt-Pt
distance (c/2) of 2.798(1) A for M = Rb and 2.833(l) A for M — Cs are the

0,½,z V2,O,z -

- !  t t
• •

• ¾ z .  •F

H
!4 z X  X

0,34 z •
~~ 

•F
FIGURE 2. Schematic representation of the ¼ Z F •

possible positions and orientations of (F-H- F)— 0.16 z •
anions along two parallel chains. The positions
of the hydrogen atoms have not been located
from the x-ray data. Therefore , the linearity of 0 X X
the (F-H-F) ion or the symmetrical location of
H between F atoms has not been experimentally
determined. The dots represent all partially
occupied F sites; the crosses indicate only the 4 z • F •
coordinates where z — 0, ± 1/2. .

- _ l*z~~~~

-1Az • •F
• .1

H
F

shortest of any known POTCP salt and are very close to the 2.77 A internuclear
• separation in Pt metal itself. In KCP(Br)2 and KCP(C1) 5 the Pt-Pt separations are

2.88 ~ 0.01 A and the torsion angle between neighboring TCP groups is con-
strained by symmetry to be 45’. At this angle, steric interactions between cyano
u ganda on neighboring TCP groups are minimized, although in RbCP(FHF) the
torsion angle is 49.2(6)’. Therefore, intermolecular ligand-ligand repulsion is not
the limiting factor in the case of this short Pt-Pt separation of 2.80 A, and it is
conceivable that this distance could be reduced even further. 

—
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FIGURE 3. A perspective view of the coordination sphere about the rubidium cation,• showing the Rb. . . N and Rb.. . F contacts.

There are two independent fluorine positions such that symmetry-related sites
(see FIGURE 2) generate a F(I ) .  . .F(2) distance of 2.27(8) A in RbCP(FHF). This
is in good agreement with F. . . F distances found in simple alkali metal bifluoride
salts.’4 Each fluorine site is only partially occupied, and since for any assumed
static model short F. F contacts must be prohibited, the (F-H-F) - group is
disordered. A schematic representation of the possible positions and orientations
of the (F-H-F)- anions in an isolated region of the crystal is shown in FIGURE 2.

- Even when short F..  . F contacts are excluded, however, it is still crystallographi-
cally possible to have a ratio of (FHF) anions to Pt atoms as high as 0.5:1, as
compared to the observed ratio of0.4:l.

Although it is relatively easy to grow large, well-formed crystals of KCP(Cl)
and KCP(Br), investigation of their physical properties is hindered by the depen- 4.dence-of their degrees of hydration on atmospheric and temperature conditions.’5
For RbCP(FHF) and CsCP(FHF), no evidence of a water site in the crystal struc-
ture was observable from the x-ray data. Furthermore, thermogravimetric anal-
yses of these two complexes show no evidence for the presence of water. We
therefore-believe that these materials are the first known POTCP complexes that
are completely anhydrous, and this property may facilitate their use for practical
applications. 

-

In the absence of interchain hydrogen bonding as a means for crystal stabiliza-
tion, the binding force must be due to the stronger Rb ~~

. ‘ .X - Coulombic inter-• actions. The short contacts shown in Fiau~s 3 range from 3.26 A to 3.41 A for
Rb...Nand 2.92 A to 3.39 A for Rb...F.

Polarized Specular Reflectance and Electrical Conductivity. From polarized
specular reflectance measurements on single crystals of RbCP(FHF) and
CsCP(FHF), it has been establIshed’6 that a well-defined plasma edge exists and
that they are indeed one-dImensIonal metals Although very preliminary, our four-
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probe conductivity measurements at room temperature indicate that the conduc-
tivity of CsCP(FHF) could be approximately twice that of KCP(Cl). Low-temper-
ature conductivity measurements now in progress ’7 show that CsCP(FHF) does
not exhibit the same rapid conductivity decrease with decreasing temperature as do
KCP(Br) and KCP(C1). It therefore appears that, as one might expect, among the
POTCP complexes increased conductivity parallels shortening in the Pt-Pt intra-
chain distance.

K 2(Pt(CN)4~(FHF)0~~ 3.0H 20, KCP(FHF)

The preparation and crystal structure of KCP(FHF) are presented below.
Preparation. Hydrated KCP(FHF) may be prepared either by hydrogen perox-

ide oxidation or by electrolysis.7 Using the electrolytic procedure, 1.55 g of
K2[Pt(CN)4].3H20, 1.51 g of KF, and 3 ml of cone. HF are added to 6 ml of
distilled water. After electrolysis for — 2 hours at 1.5 V, long, needle-shaped
crystals are produced. The crystals have a metallic reddish-bronze luster and are
stored over a saturated NaCI solution to prevent dehydration.

Crystal and Molecular Structure. From an x-ray diffraction single-crystal struc-
ture investigation ’8 of hydrated KCP(FHF), we have determined that the K salt is
not isostructural with the analogous Cs~ or Rb4 bifluoride salts (space group
14/ mcm ), but is nearly isomorphous with KCP(Br, Cl) in which case the common
space group is P4mm. The molecular structure, which again consists basically of
parallel chains of Pt(CN)4 ’- 7 groups and disordered (FHFY ions, is presented in
FIGURE 4. The crystallographically independent Pt-Pt distances are 2.928(1) A
and 2.918(l) A , which may be compared to 2.88(1) A in KCP(Br , Cl). Neighbor-
ing TCP groups are required to possess a staggered configuration with a tOrsion
angle of 4Y.

Pt($)

I ~~~~~~~~ O

2
1
.918(l)A 

I QK OK
I Pt (2)~ ~ 

c~ F(l)

+ O€~~~~-. ~~~53~ Q F(2) -

~~ O(I) D

1
0(1) F(3) )o)

I  ___
_

FIGURE 4. A drawing of the unit-cell contents of K3(Pt (CN)4 J(FHF)oj . 3H 20. The
crystallographically independent Pt-Pt spacings arc —0.04 A longer than those in K2-

• LPt(CN)4lBro.3 .3H20. The (F-H-F) anions are aligned parallel to the Pt chains which lie
along c. Thermal ellipsoids are scaled to 50% probability.
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The (presumed) linear bifluoride ions are aligned parallel to c, i.e., parallel to
• the Pt chain. The fluorine atom coordinates, which have proved difficult to refine

by least-squares methods due to the low site occupancy and imposed disorder, are
all of the type (0.5,0.5, z). At the present highly satisfactory level of refinement
[R(F02) — 0.0331 we are attempting to locate the (FHF) - ion precisely, but this
may have to await a neutron-diffraction investigation. Although we have located
the oxygen atoms, a neutron study will also be required to locate the water mole-
cule H atoms in order to provide an understanding of the H-bonding in
KCP(FHF) . 3H20.

Conductivity. Although we have been unable to prepare crystals of satisfactory
dimensions for four-probe measurements, it seems likely that the conductivity
comparison will be KCP(FHF) < KCP(Br, Cl) because of the longer average
Pt-Pt separation (— 0.04 A) of KCP(FH F) over KCP(Br, Cl).

DISCUSSION

In the preceding sections, we discussed the basic crystal structures associated
with a new series of partially oxidized alkali metal tetracyanoplatinate conducting
salts. Thus, for the first time, it has been demonstrated that within the same series
of Cs ~ or Rb~ with (FHF)-, for the POTCP salts formed it is possible to vary the
degree of partial oxidation (and Pt-Pt spacing) by changing only the preparative
conditions. This is in marked contrast to prototype K2[Pt(CN)4j8 r03 - 3H20,

• where only one stoichiometry is apparently produced regardless of the initial con-
ditions.’9 It was also possible to prepare the first anhydrou.s POTCP salts, in the
case of M2[Pt(CN)4J(FHF)o~~. M = Cs or Rb, the consequences of which may
be new technical applications.

Finally, it has been postulated~~2’ that the Peierls transition from a metallic to
a low-temperature insulating state in l-D conductors can be suppressed by increas-
ing interchain coupling (3-dimensionalizing the lattice). We have clearly demon-
strated that within the K-Rb-Cs (FHF)- series the loss of hydration water in Rb
or CsCP (FHF) results in attainment of a high DPO and shorter lntrachain Pt-Pt
separations. At the same time, the Inierchain chain separation is decreased by
almost I A in RbCP (FHF) (— 8.98 A) as compared to KCP (Br) (9.91 A).
Whether or not this has actually increased interchain coupling is not known at this
time, but it seems that it may be possible to continuously vary both the metal
oxidation state and interchain coupling in the POTCP l-Dconductors.
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PREPARATION, STRUCTURE, AND ELECTRICAL
• CONDUCTION PROPERTIES OF

KCP-TYPE COMPOUNDSt
A. E. Underhill and D. J. Wood

School of Physical and Molecular Sciences
University College of North Wales

Bangor . Gwynedd, Wales . UK

The great interest over the past few years in metal atom chain complexes that
exhibit one-dimensional metallic properties was initially concentrated on one com-
pound, K2 Pt(CN)4 Br03 , 3.2H 20(KCP). Although a considerable number of corn-
plexes of this type has been known for many years and reviewed by Krogmann ’ in
1969, KCP was studied almost exclusively and in great detail because it was possi-
ble to obtain relatively easily large crystals of good quality for physical measure-
ments. These studies on KCP have produced a wealth of new ideas, theories, and
results.2 Many of the ideas and theories can be tested only by studying a series of
compounds in which regulated changes have been made to the lattice. In this way
the effect of the lattice constituents, cations, anions, and wate r molecules on both
the lattice forces and the electronic properties of the crystal can be studied. There-
fore, a series of compounds is required in which a controlled change has been made
to the lattice. Such a study demands the careful preparation of a series of chem-
ically and structurally well-characterized compounds in the form of high-quality
crystals of a size suitable for physical measurements. 

- ~i

_ 
-
~~~

STUDIES ON KCP-Tvp€ COMPOUNDS M2LPt(CN)41C103 , 3H2O

The crystal structure of KCP is well established3 and consists of a columnar
stacked array of planar [Pt(CN)4 ] units to form a chain of Pt atoms with a short 

- 

- -

Pt-Pt separation of 2.894 A. The distance between the chains in the tetragonal unit
cell is 9.890 A. The Br occupies 60% of the sites in the center of the unit ctll.
Water molecules form a hydrogen-bonded network between the CN - ligands and
the K + ions and effectively cross-link the [Pt(CN)4J chains. The importance of the
water molecules in the lattice has been emphasized by the fact that small changes
in the degree of hydration can produce very large differences in the specific con-
duetivity in the platinum atom chain direction.4

In the present work it was decided to investigate the effect of changing the
cation and hence altering the lattice forces between the one-dimensional strands of •

platinum atoms on both the structure and electrical conduction properties of this
type of compound. In order to keep other alterations to the lattice to a minimum it

- was decided to concentrate on monovalent cations that formed the KCP-type
• structure. A preliminary survey indicated that well-formed crystals of the K, NH4,

and Rb compounds of general formulae M2 Pt(CN)4 Cl03 , 3H 20 could be pre-
pared. Preliminar y x-ray powder studies 5 showed that Rb2 Pt(CN)4 Cl03 , 3H20-

•Manuscript received June 13, 1977.
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(RCP-Cl) and (NH4)2 Pt(CN)4 C103 , 3H2 0(ACP-Cl) had similar structures to one
another and to K2 Pt(CN)4 Cl03 , 3H2 O(KCP-Cl). The full structure of the NH4
compound has now been determined in detail by neutron diffraction studies.’

EXPERIMENTAL

Preparation of Compounds

K2 Pt(CN)4 C103 , 3H 2O was prepared as previously described.7

(N114) , P1(CN)4 Cl0.,.3H,O

K2 PtCI4 (Johnson Matthey and Co. Ltd.) was twice recrystallized from wate r
and then converted with KCN to K2 Pt(CN)4 ,3H 20. The K2 Pt(CN)4 was con-
verted to H2 Pt(CN)4 under N2 with use of a Dowex SOW-X8 cation exchange
resin. The acid was rotary-evaporated to an oil, with only gentle warming (<30 C)
to avoid decomposition. The acid was then neutralized with dilute ammonia solu-

• tion (analytical grade), and one sixth of the solution was saturated with chlorine.
Both this solution and the remaining five sixths of the original solution were then
separately evaporated to dryness, with gentle heating (<30 C) to remove excess
chlorine and ammonia, respectively. The resulting solids were dissolved in a little
Wate r to give almost saturated solutions.

The concentrated solutions were mixed and filtered without suction through a
no. 4 sinta glass crucible.

Small-sized crystals were obtained by the slow evaporation of the concentrated
aqueous solution. Analysis of these crystals showed the composition to be
(NH4)2 Pt(CN)4 Cl03, 3H2O (Found Total Pt, 47.9; Pt1”, 7.0; C, 12.3; N, 20.2;
NH4, 8.85; CI, 2.65, H2O, 12.5 , Calculated Total Pt, 48.35; Pt~ , 7.25; C, 11.9; N,
20.8; NH4, 8.9; Cl, 2.6; H,O, 14.3%). Crystals of much higher quality and size (up
to 1.7 x 0.6 x 0.6 cm) were obtained by adding NH4CI to the solution prior to
filtration throug h a Millex 0.45 gim filter followed by slow evaporation at 20 C.
The solution was initially made 3.7 M in NH4CI and 0.5 M in (NH4)2 Pt(CN)4 .
Cl03, 3H20 (Found Total Pt 48.18; Pt1”’, 6.7; C, 12.7; N, 22.0; NH4, 8.94; Cl,
3.50%). A preliminary report 8 that crystals grown in this manner contain excess
NH4~ ions in the lattice has now been shown to be in error , and that essentially
the same product is obtained even from saturated NH4CI solution. However, a
chloride analysis consistently higher than expected (— 3.5%) is obtained for crys-
tals grown from NH4CI solution compared with aqueous solution (— 2.65%). The
reason for this is still being investigated.

The presenc e of the ammonium chloride in the crystallizing solution not only
eAcourage s the growth of large well-formed crystals but also suppresses side re-
act ions that cause the crystallizing solution to become cloudy.

Rb, Pt( CN),CIa,,3H,O

This compound was prepared by a method analogous to that previously
- . 

•
~~~~~ ~~

. ~ described for the ammonium complex. Crystals of the product were grown from a
F

•
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solution containing 10 g of product and 108 of RbCl in 100 cm 3 of wate r (0.8 1 M
in RbCI). (Found Total Pt, 36.06; Pt1”, 5.88; C, 9.02; N, 9.78; Rb~, 31.9; Cl, 2.7;
H2O, 9.86%: Rb2 Pt(CN)4 Cl033 , 3H20 requires Total Pt, 36.39; Pt1”, 6.00; C, 8.96;
N, 10.50; Rb’ , 31.88; Cl •

, 2.19; 1120, lO.08%).

Analyses

Chloride analyses were performed by Dr. F. B. Strauss, Microanalytical
Laboratories, Oxford, and Dr. F. Pascher, Mikroanalytisches Laboratorium,
Bonn, Germany. Platinum was determined by Dr. F. Pascher and at Johnson
Matthey and Co. Ltd. NH4 ’ was determined by micro-Kjeldahl technique, C and
total N by microanalysis, Rb and K gravimetrically as the insoluble tetraphenyl-
borate or by flame photometry.

Electrical Measurements

Alt measurements were performed with a four-probe technique. Gold wires
were attached to the crystals by means of a graphite dag or by gold paste. The crys-

TABLE I
COMPARISON OF STRUCTURAL DATA FOR M2 Pt(CN)4 Cl033 3H2O

Cation K’ NH4 ’space gioup P4mm P4mm
a b, A 9.883 10.048
c, A 5.748 5.861
Pt-Pt distance, A 2.87 2.903
Reference * t

W ILLIAMS, J. M., M. IWATA , S. W. PETERSON, K. A. LESLIE & H. S. GUGGENHEIM. 1975.
Phys. Rev. Lctt. 34: 1653.

tWILLIAMS, 3. M., P. L. JoHNsON, A. E. UNDERHILL & D. J. Woon. Unpublished results.

tals and contacts were encapsulated in “Quickmount.” In all cases the crystal was
checked for ohmic behaviour and reversibility of the current flow prior to the cx-
periment. In genera l, the experiment could be repeated the following day with
good reproducibility. -

RESULTS AND DISCUSSION

Structural Studies

The three compounds studied possess very similar tetragonal structures.
TABLE I summarizes the results of single-crystal structural determinations. It can

- 
- be seen that both the interchain distance and the Pt-Pt distance have increased on

replacing K with NH4 ’ Ions This series of compounds is particularly interesting
for two reasons. First, Rb’ and NH4~ are of the same size , 1.48 A , but con-

~~~~~
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siderably larger than K + (I .33 A )~~9 Second, it would be expected that th’e -~rescnce
of NH 4~ ions compared with K~ or Rb’ would increase the effect of interchain
coupling between the Pt chains through NH 4 ’ hydrogen bonding interactions.
Thus, by studying this series of compounds it should be possible to distinguish
between steric and H-bonding effects on the lattice and conduction properties.

Electrical Conduction Studies

In 1974 Zeller and Beck reported a detailed study of the dc electrical con-
ductivity of KCP. ’° They stressed the importance of using crystals of the correct
geometry to obtain the correct anisotropy of conduction. In KCP, where the ratio
of the specific conductivity parallel to the platinum atom chain direction (a,,)  to
the specific conductivity perpendicular to the chain direction (a 1) is — l0~, mea-
surements of a,~ should be made on crystals with a ratio of length ( ,Q,) to width
(a) of viii~ — 300. The results reported for KCP were for crystals where

— 100.

• Unfortunately, the crystals obtained for the Rb and NH4 compounds were
much more chunky than those formed by KCP and ~ /a were typicall y < 10 .
Thus the value of the anisotropy Oil/C l as determined by 4-probe dc measure-
ments, and indeed the value obtained for ~~ 

itself is likely to be too low. However ,
this is unlikely to affect the temperature dependence. of the conductivity, since
approximately the same behavior is observed for both a~ and a~ for KCP.’°We have observed a wide variation of the temperature dependence of a~ for
different batches of crystals of ACP-Cl. Initially it was thought8 that these dif-
ferences arose from the incorporation of additional NH4~ and C1 ions into the
lattice. This has now been proved not to be the case, and a reasonably consistent
temperature behavior of aq has been observed for good quality crystals grown
from both aqueous solution and from solutions containing various concentrations
of NH4CI. This temperature behavior is shown for oi, in FIGURE I. It can be
seen that there is a linear portion with an activation energy of 0.125 ~ 0.015 ev ,
from 100 to l65’K. Above this temperature the variation of an with temperature
is complicated, but by room temperature the conductivity is almost temperature
independent. Although, as indicated above, a range of activation energies has been
observed for the linear regions at low temperatures , all the curves are in excellent
agreement above l70’K. However , batches of crystals have also been obtained
that exhibit quite different temperature behavior but for which chemical analysis
still indicates the same compound. One batch of poor quality crystals obtained
from aqueous solution exhibited a much lower activation energy of — 0.09 ev .
On the other hand, batches of crystals grown from NH4 CI solution and which
may have been contaminated with NH4 CI on their surfaccs, exhibited a much

• steeper temperature dependence with activation energies as high as 0.19 cv . Thus
it can be seen that the conduction properties of AC P-Cl are very susceptible to
both crystal quality and possibly to trace amounts of contaminents.

FIGURE I also shows the temperature dependence of gj . for ACP-Cl. It can be
seen that the value of Oj  at room temperature is close to that reported for KCP’°
(— l0 3 tZ ’cm~~), but the value of a~ is much less. ThIs may be due in
part to the low 4/a rates discussed earlier.

— — 
~
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FIGURE I. Specific conductivity of (NH)4)2 Pt(CN)4 Cl03 , 3H 20 (ACP-Cl) parallel (N)
and perpendicular ( .1.) to the platinu m atom chains.

The same variation of conduc tivity with temp erature is observed for bot h a~and 01. This similarity in temperature behavior, which has also been observed
for KCP,’° may at first sight seem surprising for such an anisotro p ic material.
It is considered, however, that the charge-carrier generation process, which is a
temp erature-dependent process , is the same in both directions. The tem perature-

• independent mobility of carriers will be very different in the two direc tions , thus
resulting in the observed temperature behavior and anisotropy.

FIGURE 2 compares the temperature behavior of op for K2 Pt(CN)4 C103 ,
• 

• 3H20 (KCP-Cl), Rb2 Pt(CN)4 C103 , 3H20 (RCP-Cl) and ACP-Cl. The tempera-
ture profiles of the Rb and K compounds are very similar to one another, but that
of the NH4 compound is different. The behavior of the ACP-Cl is qualitatively
similar, however, to that reported ’° for KCP over the much wider temperature
range 26 to 320’K, (see FIGURE 3). In KCP a correlated pseudostatic Peierls
distortion has been shown to exist at low temperatures (< 77K) with a cor-
respondingly weakly pinned charge-density wave (CDW).’ At higher temperatures
the CDW becomes unpinned and there is a rapid decrease in the correlation

• _l
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length between the platinum atom chains. The conductivity data for the am-
monium compound Suggests that in this compound the static Peierls distorted
state exists to a much higher temperature (— l60’K). If this is the case, and
further structural studies are in progress, then the difference in behavior cannot
be due to the different sizeofthe cation,sinceNH 4 ’ is very similar in size to Rb’ .
It is more likely that the differences are due to the unique properties of the NH4 ’
ion. The NH4~ ion could influence the temperature at which the transition from
the predominantly stat ic to the dynamic state occurs (T~.) in either or both of two
ways. The presence of additional H-bonding between the Pt strands may raise T~
by coupling the Pt atom chain more firmly together. Alternatively, the greater

• polarizability of the NH 4~ ion, compared with K + or Rb~, may increase the
extent of electronic coupling between correlated strands at low temperatures
and hence again raise T~.

In an attempt to probe the H-bonding effect of the NH 4 4 in the lattice, a fully
deuterated crystal of ACP-Cl was grown from D2O/ND4 CI solution. However,

ma - -
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FIGURE 2. Comparison of a,~ for K2 Pt(CN)4 Cl0.3, 3H 2O (KCP-Cl), Rb 2 Pt(CN)4 Cl03,
3H20 (RCP-Cl), and (NH4)2 Pt(CN)4 Cl03, 31120 (ACP-Cl).
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FIGURE 3. Comparison of on for K2 Pt(CN)4 8r030 , 3.21120 (KCP Ref. 10) and
(NH4 )2 Pt(CN)4 CL03 , 3H 20 (ACP-CI). (By permission of the publishers of S. Phy~. Chem.
Solids. 10)

the behavior of the crystal was completely comparable to those of the hydrogen
form.

Studies of Crystals Containing both NH4 ’ and K~ Ions

Because of the very big differences in the electric conduction properties of the
K ~ and NH4~ compounds and the fact that they have closely related structures,
it is of considerable interest to study the properties of crystals that contain both
K + and N H4 ’ ions in different proportions.

If an equimolar mixture of ACP-Cl and KCP-Cl is allowed to crystallize, then
the initial batch of crystals contains only — 0.3% NH4 ’. This is presumably due
to the very big difference in solubility of the two compounds. Batches of crystals
having a NH4 : K ratio of 1:1.78 and 1:0.67 have been obtained from solutions
containing a 5:1 and a 10:1 NH4 :K mole ratio, respectively. The variation of
o-p1with l/T for these crystals is shown in FIGURE 4 together with those observed
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for KCP-Cl and ACP-Cl for comparison. It can be seen that in those crystals in
which 40% of the NH4~ cat ions has been replaced by K’ , the approximate shape
of In a vs. l/T dependence of ACP-Cl is retained, but that the low-temperature
activation energy is much lower than in ACP-Cl. This curve is similar to those
obtained for the ACP-Cl crystal of poor quality described previously. Crystals
containing approximately 64% K + cations exhibit a temperature dependence very
similar to KCP-Cl itself.

DIscUssIoN

In ACP-Cl it has been proposed that the low-temperature correlated state
involving a pinned Frohlich charge density wave (CDW) exists up to — l 50’K
compared with only approximately 70K in the potassium analog. It has been
shown that the activation energy for ACP-Cl in the low-temperature region is
much larger than that observed for KCP (~ E 0.057 ev) an d is very strongly de-

lna o A
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FIGURE 4. Comparison of u~g for crystals having NH4 :K ratio of 1:1.78(o) and
1 :0.67 (~) with those of (NH4)2 Pt(CN)4 Cl03 , 3H 20 (ACP-Cl) and K2 Pt(CN)4Cl03 ,
3H 20(KCP-CI).
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pendent on crystal per fection and the substitution of NH4 ’ by K4 ions. It has
been cons idered by some workers that the low-temperature activation energy of
KCP corresponds to excitation of electrons across the Peierls gap in the insulating
mater ial and has been correlated with the occurrence of an absorption band in
the i.r. spectrum at 0.2 ev.2 More recently,” the observed activation energy has
been attr ibuted to the creation of 4, particles corresponding to propagation of
localized compression or rarefactions in the local condensed electron density.

In the former case it might be expected that stiffening the lattice by the replace-
ment of K + by NH4 ’, w ith the consequential increase in hydrogen bonding be-
tween the Pt chains, would enhance correlation interactions and hence would
ra ise the transition temperature (as observed). However , since the Peierls distor-
tion is a balance between the energy required to distort the lattice and the gain in
electronic energy upon distortion, it might be expected that this stiffening of the
lattice would lead to a reduction in the extent of the distortion and result in a
smaller band gap and lower activation energy. This is contrary to the observed
behavior.

If , however , the low-temperature conductivity is due to mobile 4, particles , it
• might be expected that the increased interaction in the lattice on replacing K4

with NH4~ wou ld increase the energy required to create the 4, particles and result,
as observed, in a higher activation energy. Crystal imperfections and replacement
of NH4~ with K’  would break down the local lattice forces and thus reduce the
energy required for the formation of the 4, particles. Thus the results reported
here may give some support to the mobile 4, part icle mechanism for the conduction
process at low temperatures in the KCP-type of compound.

The results obtained for this series of compounds show that it is possible to
modify the electrical conduction properties of KCP-type compounds by changing
the cation in the lattice. Equally dramatic changes are being found in work cur-
rently in progress in which the C1 anion is replaced by FHF .’2 This work is
leading not only to the preparation of I-D metallic complexes with a variety of
electrical conduction properties but is also providing evidence on which to test
current theories of the conduction mechanisms in this class of compound.
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INTRoDucTIoN

One of the most important and, at the same time, difficult questions to resolve
in the study of quasi-one-dimensional materials is the specific nature of the 3-d
interactions that are responsible for the coherent phasing of physical properties
associated with individual 1-d stacks or chains. In the partially oxidized tetra-
cyanoplatinates,’ 4  hydrogen bonding and the acid-base interactions between the
cation and the cyanide nitrogen atom lone-pair electrons define the structure in a

. three-dimensional sense and are apparently responsible for the type of periodicity
obtained in the insulating state.5 7  The most studied of the partially oxidized
tetracyanoplatinates, in terms of both structural and physical properties, is
K2[Pt(CN)4JBr03 • 3H2O(KCP(Br)). This compound undergoes a very gradual
transition from metallic to insulating behavior 2 and displays evidence of an in-
frared active FrOhlich mode~~ at low temperatures. Theorizing, in accordance
with the well-known theorem of Landau ’° that the phase transition in KCP(Br)
might be sharper if there were more cross linking between the platinum chains to
enhance the three-dimensional nature of the system, we have substituted the large
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organic cation guanidinium, C(NH 2)3
’

~ 
for the potassium ion in KCP(Br). The

results of our studies on the structural and conducting properties of this new com-
poun d, GCP(Br), are reported in this paper.

An entirely different class~ of l-d compounds is represented by BaVS3, which
undergoes a metal-to-insulator phase transition at a reduced temperature.
Whereas the partially oxidized tetracyanoplatinate complexes and TTF-TCNQ
derivatives crystallize as columnar stacks of the planar molecules to give con-
duction bands via the interaction of orbitals with large extensions perpendicular
to the molecular planes (e.g. d12, p~ or T type orbitals) Ba VS 3 may be viewed as
consisting of infinite linear chains of face-sharing VS68 octahedra separated from

• 
• neighboring chains by the Ba2’ cations. Alternatively, the structure can be de-

scribed as a hexagonal stacking of ordered, close-packed BaS34 layers with the
• V 4

~ ions filling linear arrays of near-octahedral sites along the stacking direction.
The initial report of BaVS3U showed the conductivity of pressed pellets to be

— 102 mho cm ’ at room temperature and to increase with decreasing temperature
to a max imum at l30 K. At lower temperatures the conductivity decreased such
that a total decline of twelve orders of magnitude was observed between 130 and
YK, w ith the region of sharpest change near 80 K. This report also showed a
structural transition to begin near l80°K and to proceed continuously through
7TK , at which it was thought to be incomplete. The precise transition temperature
was undefined. In order to continue the characterization of this material we have
examined the metal-to-insulator transition by means of magnetic susceptibility
and heat-capacity measurements, and have extended the magnetic measurements
to liquid helium temperatures with surprising results.

CRYSTAL STRUCTURE OF [C(NH2)3)2[Pt(CN)4JBr025 . H2O, GCP(Br)

Crystals of [C(NH 2)3)2[Pt(CN)4)Br025 . H2O, GCP(Br) were prepared by
slow evaporation from an aqueous solution of IC(NH2)3)2(Pt(CN)41 and
[C(NH2)3)2[Pt(CN)4 Br2j in a 5:1 ratio. The initial puanidinium tetracyano-
platinate salt , originally reported in the literature in 1907,12 was obtained by
metathesis between Ba[Pt(CN)4) . 4H2O and (C(NH2 ) 3 J2 C03. Elemental anal-
ysis indicates that there is one water of hydration per formula weight of GCP(Br),
and this was verified by thermal gravimetric analysis.’3

- Diffraction data were measured with x-radiation and with neutrons. The
x-ray data set is beset by the problem of obtaining suitable intensity measurements
of the very weak I — 2n + I reflections, since the very strongly scattering Pt
atoms have a repeat of c/2. This particular problem is not encountered with
neutron diffraction, and data were collected on a 1.9 mg crystal sealed in a lead-
glass capillary to avoid possible loss of water. A second data set was also ob-
tained on a larger crystal, for which our attempt to deuterate had apparently been
only partially successful. Since we were not able to satisfactorily locate and refine
the hydrogen at’oms, it appeared that with partial deuteration the negative scatter-
ing amplitudes of the protons and the positive scattering amplitudes of the deu-
terium atoms effectively canceled one another. Therefore, only the results obtained
from the small protonated crystal are described here.

The lattice parameters for the tetragonal cell were determined from a least-
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squares fit of the angles on the four-circle diffractometer at the CP-5 reactor and
are a — 15.621(5) A,c — 5.816(2) A, and V~ — 1419.2 A.3 The crystal density of
2.16 g/cm3 determined by flotation agrees well with the calculated value of 2.14
g/cm3 based on four formula weights per unit cell. Although systematic absences
allowed a choice among three space groups, the structure was refined in space
group 14cm, since refinements in the remaining two were unsatisfactory. Data
were collected out to a maximum (sin 0)/A — 0.59 in four octants, corrected for
absorption (ja — 194 cm-’ ) and averaged. The present discrepancy indices, based
on 369 independent data, are R(F0) 0.148, R(F 02 ) — 0.133 and R~(F o2 ) —

0.192. The positional and thermal parameters are presented in TABLE I.
The structure consists of linear stacks of very nearly square planar Pt(CN)4~~

75 -

•

moieties stacking along the c-axis, channels of Br- ions along 0, 1/2, z and
guanidinium cations whose molecular planes are oriented perpendicular to the

-

~~~~~~~~
• . 

_ _ _ _  
c~ 3~

I

FIGURE !. A stereoscopic view of the unit cell of GCP(Br). The hydrogen atoms are
shown as small circles, for clarity. The ellipsoids for all other atoms are scaled to enclose
5O% probability.

Pt(CN)4 planes (see FIGURE I). The Pt-Pt separation along the chain is 2.908(2) A ,
and all Pt-Pt distances are required by symmetry to be equivalent. As seen from
the bond angles given in TABLE 2, the Pt(CN)4 moiety is slightly distorted from
being perfectly square planar. The torsion angle between neighboring Pt(CN)4

• groups is 45’.
- - 

Major difficulties were encountered in the refinement of the coordinates of the
bromine anion and the guanidinium cation. In the case of Br , it appeared that it is
disordered along 1/2, 0, z such that satisfactory convergence was never obtained.

- 
- --.

~~
. As seen in TABLE 2 the guanidinium cation geometry is grossly distorted from the

- 
• , expected N—C—N angles of 120 and C—N distances of 1.33 A.’4 The un-

• realistic parameters obtained are partly due to the large thermal motion of the

- ~~~~~ • • 

guanidinium cation, which is particularly pronounced for the hydrogen atoms

•f
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TABLE 2
SELECTED BOND DIsTANcEs AND ANGLES FOR [C(NH2)312(Pt(CN)4lBro2s . H20

Atoms Distance (R) Atoms Angle (deg)
Pt— Pt 2.908(2) C(l)— Pt—C(I)’ 89.91(7)
Pt—C(l) 2.002(7) C(l)— Pt—C(I)0 175(2)
C(l)—N(I) 1.136(9) Pt—C(l)—N(l) 175(2)
C(2)—N(2) 1.59(8) N(2)—C(2)—N(3) 106(3)
C(2)—N(3) 1.22(4) N(3)—C(2)—N(3) ’ 139(4)

N(2)—N(3) 0.67(13)
N(3) —H( I )  0.64(7)
N(3)—H(2) 1.00(6)
N(I). • H(3) 2.27(10)
N ( l ) .  . • H(2) 2.59(5)
N( I ) .  . • N ( I )  2.67(7)
N(l). . . H(2) 2.70(12)

(see r.m.s. displacements in TABLE I). The guanidinium cations lie on a mirror
plane-that contains C(2) and N(2) and bisecting N(3) and symmetry-related N(3)’ .

The location of the water molecule still remains a mystery. There are two
extra Fourier peaks in the vicinity of the guanidinium cation, so that it is possible
there is some type of site disorder between H20 and C(NH2)3 4 . In fact, the ap-
parent Br disorder along 0, 1/2, z may also be due to a site disorder with H20.
However, no satisfactory model for disorder would refine successfully, and no
evidence for an independent water site was observed.

As shown in FIGURE 2, there is extensive hydrogen bonding between the cyano-
ligands and the guanidinium protons. This network of hydrogen bonds appears to
couple the chains together and should increase the three-dimensional nature of the

H
j

FIGURE 2. View of two neighboring Pt(CN)4 chains showing the e~itensive hydrogen-
- - .. 

- bonding interactions.
- - - - ~4

- - .
. -

4/
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system. It is also seen in FIGURE 2 that neighboring Pt(CN)4 moieties within the
same chain are linked together by hydrogen bonds to the guanidinium cations.

Direct evidence for the existence of a superlattice at room temperature has been
observed in an x-ray diffuse scattering photograph.~ The diffuse lines correspond
to a superlattice of 7.9 ± 0.5c’, where c’ is the Pt-Pt separation, and are indicative
of a Pcierls distortion as seen in KCP(Br) and related compounds.’5~” Pcierls
distortions are associated with superlattices corresponding to phonons of wave-
vector 2kE, twice the Fermi wave-vector. In GCP(Br) the presence of the bromine
acceptors leads to a conduction band 88% full, giving a Fermi wave-vector k F of
0.88s’/c’ ~ T/ c ’( l — l/ S) .  Thus one would expect a Kohn-Peierls instability to
lead to a superlattice of approximately 8c’, which is in agreement with our ob-
servations.

TRANSPORT PROPERTIES OF [C(NH 2)312(Pt(CN)4)Br02 H20, GCP(Br)

The dc electrical conductivity was measured by the standard four-probe
method on single crystals of GCP(Br). Contact with the crystals was made by

• - 
cementing 90~/~ gold- l0% copper wires, 25 am diameter, to the crystals with
Microcircuits R-O l Very Low Resistance Paint, a graphite suspension. Care was
taken to make the voltage contacts reach around the crystals; the current contacts
were extended over the ends of the crystals.

Considerable variation was found in the room-temperature conductivity of
GCP(Br) crystals, the best being — II mho/cm with 0.1 mho/cm as a typical
value. In addition, the conductivity of good samples tended to decrease, sometimes
abruptly, upon thermal cycling. Microscopic (l4Ox) examination of the crystals
after thermal cycling showed that a large number of cracks appear that run trans-
verse to the c-axis. Such cracks tend to force the current path in the transverse
direction, decreasing the apparent conductivity. The temperature dependence of
the conductivity of crystals with widely vary ing room-temperature values and
measured during heating from 77°K, were, however , quite similar. This indicates
that the transvers’ and longitudinal conductivities have similar temperature de-
pendences, as in KCP(Br).

As a test of this hypothesis, we performed a Montgomery method’7 measure-
• ment on a typical single crystal (room-temperature conductivity —0. 17 mho/cm).

The transverse conductivity was found to follow the same temperature dependence
as the longitudinal, and to be smaller by a factor of three. Assuming this room-
temperature value of the transverse conductivity (0.06 mho/cm), and taking our
largest value of the longitudinal conductivity to be intrinsic, we obtain an estimate
of 

~ 
m

~~/O L ~ 180 for the anisotropy of uncracked GCP(Br) crystals.
A number of samples that did not show abrupt changes in the conductivity

or visual signs of cracking were found to have very similar temperature depen-
dence of the conductivity. Consequently, data from 11 of the samples were scaled
by their room-temperature conductivities and treated as one data set. At higher
temperatures the data are as expected for an activated conductivity as may be

- 
• 
- ,  -

,~ noted in FIGURE 3, where data from a single sample are shown. Data from all
- 

I samples generally fall within eO.08 vertical divisions of the data shown.

~

- ~~~~~
- . - - 

~~~~~~~~



- ‘~~~~~,—,..- -—--——---— - 
- - .— -- .— -- -. - - - -—~~~~

Stucky el a!.: Two Conducting I-Dimensional Materials 531

We have attempted to fit the low-temperature data to two proposed functional
forms: the interrupted strand model,’~ ~

° for which

a — Uo exp [~~A/ T) -~1, (1)

and where x is in the range 1/3 < x � 1/2; and an activation model, for which

— a,,(B/ T) ’  exp (—E 0/ k 8 T).  (2)

For a one-dimensional semiconductor, y should be less than unity. We have
fitted both (1) and (2) to our combined data. Using (1), we require x ~~ 1.2, which
eliminates the possibility of an interrupted strand model for GCP(Br). Equation 2,
which gives a slightly better fit, leads t oy  — 1.50 ± 0.06 and E0/ k , = 370 ± 8K.
The latter fit is shown as a solid line in FIGURE 3.

+0.3

0.0

-0.3
0

-1.2  -

-1 .5 -

-1.8  -

• I • I • I • I

0.40 0.60 0.80 1.00 1.20
I/T EMPERAT URE (x ,0 2)

FIGURE 3. The ratio of the conductivity to the room-temperature conducti~ ity vs. inverse
temperature for a typical GCP crystal is given by the circles. The solid line is the fit to the
conductivities 0111 crystals, given by Equation 2 with y — 1.5 and E0 — 370 K.

Our data for GCP(Br) thus seem to rule out both a simple hopping model and
normal one-dimensional semiconductivity. Recently, however, Rice ci a!21 pro-
posed a theory in which the conductivity arises from the excitation of solitary
waves in a weakly pinned charge-density wave condensate. For such a theory to
hold, the system must be far below the Pcierls transition temperature T4 ,, so that

- 
- - collective effects dominate. That this may be the case is indicated by what appears

- ‘- to be the partial coalescence into spots of the diffuse sheets observed in the x-ray
. - - studies.’3 Further, we have measured the susceptibility of GCP(Br) and found that

- 

-

- it is temperature independent between 77K and 200’K.~ Since it has been sug-
gested~ that the susceptibility of such materials first becomes temperature in-
dependent below about one fourth of the mean field transition temperature, our- _ • ~~~~~~~ -~ results seem to indicate a very high Peierls temperature.

..~i ~ .. 
- ‘

— —
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According to the soliton model,2’ the low-temperature conductivity is given by

a — [4Ne 2 WF L(E0k B TY ”2 (n,/ n) 2 1 exp i—E o/ k 8 Tl, (3)
where w~ is the pinning frequency; L, the soliton mean free path; n,/ n , the fraction
of electrons in the condensed state; and N, the density of chains. If we assume that
the mean free path is dominated by phonon scattering, then L ~ T~ and the
overall temperature dependence of (3) agrees with (2) with y = 1.5. Further, the
gap E0 is much smaller than estimates of 3.5 k, T,, as noted above. Finally, com-
paring our largest longitudinal conductivity with (3) and taking WF 1012 ~~~~~~
(see below), we obtain L = 600 AlT when all the electrons are in the condensed
state. This seems to indicate that the mean free path is longer than several Pt-Pt
distances at low temperatures, and that we are not in the hopping regime.

Another characteristic of pinned charge-density wave models is the possibility
of nonohmic behavior due to the depinning of the wave. Rice el a!.24 have sug-
gested that the current will have the form

I — Jo sinh (eEA/ k 9 T),  (4)

where A is a characteristic length between pinning sites. Nonohmic behavior is
observed in GCP below l60 K which is qualitatively similar to that recently ob-
served in TTF-TCNQ at much lower temperatures.25 Data were taken by sweeping
the voltage across the sample while recording the current. Because of the cumula-
tive effects of heating, nonohmic behavior due to thermal drift would appear as an
asymmetry between the rising and falling portions of the saw-tooth sweep. None
was observed. Further, since the total power delivered depends on the period of
the sweep, heating effects would be seen as a period-dependent nonlinearity in the
response. Again, no heating effects were observed. Finally, a temperature rise of
approximately I l K  would be required to produce the nonohmic effects observed.
Our estimate of a “worst case” temperature rise places an upper limit of 2 K  on
the temperature rise of the sample. Thus, we conclude that the nonohmic behavior
of GCP(Br), shown in FIGURE 4, is intrinsic

We have fittec4 the data of FIGURE 4 to expression (4) and find that A =

6000 A at 77’K, an unreasonably large number. A similar analysis of the recent
data for TTF-TCNQ25 gives a similarly large value A — 2000 A at 4.2 K. We
conclude that (4) is inappropriate for -such pinned CDW’s. We have analyzed our
data in the same way as in Reference 25 and find that the activation energy tends
toward zero as the field increases, vanishing at E, ~ 1000 V/cm. This is to be
compared with E~ — 150 V/cm for TTF-TCNQ. Our estimate of the pinning
frequency for GCP(Br) results from the observation~ of a decrease in JR trans-
mission near 30 cm ’ which we attribute to the optical mode. Then, using the
argument 23 that w, ~ 0.2 WLO, we conclude that w, is on the order of 6 cm~~.This is approximately a factor of three larger than estimates for TTF-TCNQ,23

which, through the quadratic dependence of the E~ on 
~~~~ 

is consistent with our
observed critical field.

In summary, we have shown that GCP(Sr) is a new example of a quasi-one-
dimensional compound of the platinum chain type. Because of a tendency for
cracks to form normal to the conducting axis, a definitive value of the longitudinal
conductivity was not obtained. The overall temperature dependence, however, is

4.~ -•,J
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~~~
, strongly suggestive of a soliton mechanism for the low-temperature conductivity.

The presence of nonohmic behavior also seems to be evidence against a simple
depinning model for the conductivity due to the unreasonably long coherence
lengths required. We speculate that the structure of GCP(Br) tends to shield the
Pt chains from Br -ion disorder, thus accounting for the differences between
GCP(Br) and KCP(Br).

BaVS3: EXPERIMENTAL 
•

* Crystalline BaVS3 was prepared as described previously.U Analysis by the
- t analytical facility of our chemistry department showed the crystals to be stoichio-

metric within the limit of detection (±0.03%) and indicated that any chloride ion

.525 -
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.300

— 
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0 40 120 200 280 360
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Fiousa 4. Current vs. electric field for a single crystal of GCP at 77 K.

inclusion from the BaCl2 growth flux was at or below this limit. Further identifica-
• tion of the compound was accomplished by determination of the crystalline prop-

erties of several single crystals from x-ray diffraction photographs and automated
diffractometer measurements. The results agreed with the previous report showing
the material to crystallize in the hexagonal space group P6,/mmc with a —

6.725(2) A and c — 5.614(2) A (see FIGURE 5). -

Since the crystals obtained were small (typically 0.75 x 0.25 x 0.25 mm), the
magnetic measurements were performed on powdered samples produced by
mechanically grinding the small single crystals. Magnetic susceptibilities were
determined by the Faraday method employing Cahn electrobalance force record-
ing and a superconducting solenoid. Metallic copper was used as a calibrating
standard.

The samples were suspended in high-purity quartz containers, and the mea-

- --  
-
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- -- - - - .  -



534 Annals New York Academy of Sciences

. 

FIGuRE 5. Perspective view of the
room-temperature , hexagonal unit cell of

bJ 0

( ‘ B a  ov OS

sured values were corrected for the diamagnetism of the containers. The measure-
ments were not corrected for core diamagnetism or Van Vleck paramagnetism
because of the uncertainty of the reported value for sulfide ion~ and because these
contributions are of the same order of magnitude in this case and are thus essen-
tially off-setting. Furthermore, the inclusion of either of these constant contribu-
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Fiouss 6. The magnetic susceptibility of BaVS3 powder in the temperature region of the
metal-to-insulator transition. - - 
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lions would change measured values by 1% or less, and this is also the level of
uncertainty in our measurements.

Susceptibility measurements were made between 5° and 80°K with the regions
between 65° and 80°K and 5° and 30°K examined closely. Temperature was
monitored with a calibrated germanium resistance thermometer and with a
calibrated carbon-glass resistance thermometer. At five-degree intervals within
the measured temperature range, measurements were made at several applied field
strengths to determine the field dependence of the susceptibility. Measured sus-
ceptibilities were found to be independent of the applied field above l5’K. Below
15°K a net ferromagnetic ordering was observed.

250

I
,

/

/

200 /
BayS3 (powder)

150

/

I’

I: 

. 

- 

-

~ 
-
.

1( K)

FIGIJSE 7. Plot of the inverse susceptibility vs. temperature in the insu lati ng phase. Mea-
sured data are represented as dots and the least squares “best fit” as the dashed line.

BaVS3: RESULTS

The behavior of the magnetic susceptibility, 
~~
, in the region of the metal in-

sulator phase transition reported by W0ld~ is presented in FIGURE 6. The critical
point of the transition is evident as the anomalous peak in the susceptibility near

- - -i ., 72 K. AC heat-capacity measurements indicated a second-order transition at

,~ 
t . :

- 
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~
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69.8 ± 0.2° K. The magnitude of the susceptibility in this region suggests a strong
contribution from Curie paramagnetism above and below the critical point of the
transition. The temperature-dependent paramagnetism observed above and below
the 72° K critical point of the metal to insulator transition reveals several facets
of the process. The Curie type of behavior above the critical point indicates that
the observed decrease in conductivity below 130 K is accompanied by a decreasing
density of states associated with the conduction band, with the displaced electrons

- filling localized paramagnetic states. Thus there is a continuous increase in the
Curie type of contribution to the susceptibility from 130° to 72° K, in accord with
the second-order nature of the process.27

Measurements extended to lower temperatures show the susceptibility in the
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FIGURE 8. The magnetic susceptibilIty of -BaVS3 powder in the temperature region of the
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insulating phase to obey the Curie-Weiss law between 70 and — 25°K (FIGURE 7).
The best fit was obtained by linear-regression, least-squares analysis for a Curie
constant of 0.280 emu °K mole-’ and a Weiss constant of +9.865 K. Below 2YK,
marked deviation from Curie-Weiss behavior is observed as the susceptibility in- j
creases by three orders of magnitude between —20 and 5°K , with the largest in-
crease taking place near l5° K (FIGURE 8). The downward curvature of the l/x
versus Tcurve and the anomalously small magnetic moment at 4.2°K may be in-
dicative of ferrimagnetic behavior.

Additional experiments concerning the low-temperature structural, electrical,
and magnetic properties of single crystals of BaVS3 are currently under way in the
laboratories of Dr. C. K. Chakraverty of the Centre National Dc La Recherche
Scientifique (CNRS), Paris, France, and the University of Illinois.
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DISCUSSION

M. COLER, (Co/er Engineering . New York . N. V.) : Can you give us some idea of
the conductivity of the BaVS 3’

STUCKY: The conductivity is — l0~ ohm~~cm~ at room temperature and de-
creases by about five or six orders of magnitude at the first transition.

JERRY TORRANCE: Did you find any changes in the conductivity on the excess
sulfur samples?

STUCKY: There is little difference at room temperature; however , there is struc-
ture present in the resistivity versus temperature plot at 105° K in the excess sulfur
samples which is not present in the undoped samples. There also appears to be a
peak in the resistivity versus temperature plot at 16°K in the “stoichiometric”
BaVS3, which is not present in the excess sulfur sample. In the insulating, low-
temperature regime the resistivity of the excess sulfur sample is slightly lower.

ToRE ~~NCE: Some of the features of BaVS 3 are very similar to those found in
magnetic semiconductors.

BRIAN HOFF~4AN, (Northwestern Univ., Evanston . I ll.) : The susceptibility of
your °‘pure” material still exhibited a little deviation. Do you think it c-)I~ld ac-
tually be a little excess sulfur that is giving you the high conductivity?

STUCKY: Our chemical analyses indicate that we are within one percent of
having stoichiometric BaVS 3. There are problems, however, in the analysis for
sulfur~ and I do not feel that we have eliminated the possibility of excess sulfur’s
being present.

PHILLIP COPPENS: You should also look at the angles of the S—N and Se—N
interaction with the other bonds, because there are other examples for bonds
where there is S—S interaction which is not electrostatic, and there may be some-
thing very similar going on in these compounds that would be interesting to
elucidate.

KISTENMACHER: In (HMTSeFXTCNQ), where the molecular planes are
roughly parallel, there probably ~ a significant amount of r contribution to the
Se—N contact . We feel that many of the Se—Se and the S—S contacts, especially
the ones that are quite short relative to van der Waals radii there, are probably
significant.

- .-.- -~~~ F - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — - - - - 
- -



SPECTROSCOPIC STU DIES OF M • [Pt(CN)4] yH 20*

Hartmut Yersin and Günter Gliemann
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INTRoDUCTION

Square planar [Pt(CN)4J2 comp lexes tend to crystallize in columnar struc-
tures. The distances between the molecular units along the columnar axis are
short, compared with the separations from column to column. This structure type
is expected to exhibit some interesting physical properties. One compound
(K.2[Pt(CN)4]Br03 3.2H20(KCP . X03)) of the relatively large series of the tetra-
cyanoplatinates has become famous mainly because of its extremely anisotropic
conductivity.’ 3  However, most members of the tetracyanoplatinates are noncon-
ducting compounds. This might be the reason why these have not attracted as
many scientific investigations.

TABLE 1 shows a list of the tetracyanoplatinates (MCP) which crystallize in
columnar structures. The Pt-Pt-distances R in the direction of the column can be
varied according to the choice of the cations M and/or the crystal water content y
from R 3.67 A to 3.09 A. This allows the “adjustment” of the intermolecular
interaction in the direction of the chains over a large range. This adjustment by
the chemical substitution method, however, is discontinuous. Application of high $

pressure, on the other hand, permits “tuning” the in-chain interaction to any
intermediate value. Consequently, the spectroscopic properties can be tuned con-
tinuously, as well.

The purpose of the present paper is, first, to summarize recent results found by
spectroscopic investigations with polarized light under ambient conditions, at high
pressure, and at low temperature. A correlation between the transit’on energies
and structural properties is pointed out. Mainly R-dependent trends are discussed,
and the results of an electronic band structure calculation are presented. In the
second part of the paper the influence of the immediate surrounding on the
(Pt(CN)4 ]2 columns is discussed. For this purpose, rare earth cations (e.g.
M — Sm 3~ ) with energy levels near the excited column states are used as “probe”
ions. Energy transfer from the tetracyanoplatinate columns (donors) to Sm3’

~
(acceptor) is observed. Thus, a new system for energy-transfer investigations is
presented that exhibits interesting aspects because of the tuneability of the donor
states.

POLARIZED SPECTROSCOPY

The optical spectroscopy represents an appropriate method for investigating
the physica l properties of the tetracyanoplatinatcs(IJ), since the dominant transi-

Manuscript received June 16, 1977.
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TABLE I
TETRACYANOPLATINATES WITH DIFFERENT METAL-METAL-DISTANCES IN TH-~ DIRECTION

OF THE COLUMNS (AT ROOM TEMPERATURE)

Pt-Pt-
M~fPt(CN)4 J . yH 2 O distance R

(MCP) [A] Reference 
—Na2 [Pt(CN)4 J .3H 20 3.67 4

Sr[Pt(CN)4 ] . 5H20 3.60 5
Cs2 fPt(CN)4J. H20 3.54 6
K2(Pt(CN)4].3H20 3.48 7
Rb2 [Pt(CN)4]. l.5H20 3.42 8
Ca[Pt(CN)4 J . 5H~O 3.38 5
Sm2[Pt(CN)4)3 . 18H20 3.35t 36
K2Sr[Pt(CN)4 J2 . 6H20 3.33 5
Ba(Pt(CN)4 ] . 4H 20 3.32 4, 5,9
(NH4)2 [Pt(CN)4j .2H20 3.26 10
KNa[Pt(CN)4 J .3H 20 3.25 lO
KLi[Pt(CN)4).2H 20 3.20 Ii
Y2[Pt(CN)4]3.2lH2O 3.18 12
Mg[Pt(CN)4 J . 7H 20 3.15 5
Sr[Pt(CN)4 J .3H 20 3.09 5
K2[Pt(CN)4 JBr03 . 3.2H20 2.89 13

(KCP . X03)
Helix structure.

tSpectroscopic estimate.

tions of these compounds lie in the energy range between the near ultraviolet and
the infrared. Further, most of the spectroscopic properties such as oscillator
strengths, transition energies, and emission properties, including lifetime, show a
very anisotropic behavior, as is expected for the columnar structure type. There-
fore, important additional information is gained if methods of polarized spectros-
copy are applied.

Sp eciroscopic Properties under Ambient Conditions

An investigation of the properties of the tetracyanoplatinates requires the ap-
plication of various methods of optical spectroscopy. The transitions that are - 

S

polarized w ith the electric field vector E parallel to the columnar axis (c-axis) have
extremely high oscillator strengths. These are therefore appropriately investigated’
by single-crystal reflectivity measurements. ~ The transitions polarized with E .1.. c,
on the other hand, are relatively weak and should be detected by single-crystal

- - absorption techniques. All the tetracyanoplatinates (II) exhibit a very strong emis-
sion. Consequently, the measurements of the polarized emission represent a
further important source of information.

FIGURE 1 shows the polarized emission spectra of some tetracyanoplatinate(IL)
• single crystals with different in-chain Pt-Pt-distances R. The spectra are recorded

under ambient conditions (295°K, I atm) with E parallel and perpendicular to

- - 
- 

- 

the chain axis, respectively. All the compounds show two differently polarized
- - - -~~~4 -  

~:
~~

-. 
- - 1~.

~~~-

~
j
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transitio ns. It is seen from FIGURE I that the emission properties change sys-
tematically with a variation of R:

The transitions shift to lower energy with decreasing R. This effect is attributed
to a decrease of the band-gap energy caused by an increase of the in-chain inter-
action. For further discussion see ENERGY BANDS.

The relative intensities I(E I I c)/I(E .j c) invert with reduction of R. A similar
inversion of the relative intensities is observed with temperature decrease and can
be understood in a first approximation applying a Boltzmann distribution to the
two emitting states (Low-Temperature Investigations).

FIGURE 2 summarizes the peak energies of the emission and reflectivity spectra
versus R ~~. The experimental data follow a R -“ power law ’7~’ (with n — 3.0 ~0.3).

Reflectivity and emission peak energies with E I I c undergo the same red shift
with decreasing R (constant Stokes shift), because they are connected with the
same interband transitions. These are fully allowed (very high oscillator strengths)
and can be assigned to transitions between one-electron hybrid molecular states

Sri i 51$zO
R • 3.60 A

r~~ . . .  . 1~~
-•

~~

K21 1.3Hp 
- 

-

R.3.i SA
- 

— 
• 1  P 1 —.-—

FIGURE 1. Polarized emission spectra .!
of different tctracyanoplatinatc (II) single ~ Ca ( 1~5 Hj )
crystals at 295 K and I atm. The inten- R • 3 3e Autica are not comparable for diffetent ~~

‘

compounds and the spectra are not cor- ~~ - - -
rected for the response of the apparatus, ~which is described in Reference IS (for —
additional details ice Reference 16). ~.
Spectral resolution: 10 cm— 1. The excita- ~ R • 3.32 A ,
lion energies are chosen to be about 2—3 x
l0~ cm— 1 above the emission peak en- . . -

ergics. Some of the compounds are
discussed in detail elsewhere: BaCP 1

~ KU I 2 H20KLICP,” MgCP.2° R • 3.20 A 
. 

I
—,--

MgiPt1CN)~l~ 7 H~0
R.3.IS A 

~ IIcf
E tc
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FIGURE 2. Emission and reflectivity peak energies of different M~[Pt( CN)4 J . yH~O
single crystals at 29YK and I atm versus R 3 .

(Pt 5d 2, 6s) (Pt 6p:,CNT *).~
,
~ The emission lifetime corresponding to the

Eli c transitior. is shorter than l0— ~ to l0 —
~ seconds,22 thus confirming the

classification given above. The dependence of the transition energy (witl~ E li c)
on the Pt-Pt-distance R is quantitatively reproduced by one-electron calculations
of the band gap energy in the framework of a two-band model (ENERGY BANDS).

Single-crystal absorption measuremcnls’4 show that the oscillator strengths of
the transitions with E.Lc are orders of magnitude smaller than those of the transi-
tions with El I c. The emission lifetime for Etc is at least two orders of magni-
tude larger (at room temperature) than the lifetime of the parallel component.~Thus it is assumed that this transition is spin-forbidden and is connected with an
excited triplet band that cannot be traced back simply to one dominant one-
electron MO (ENERGY BANDS). The different origin of the Ekc emission is also
manifested by a minor red shift of the peak energies versus R 3 (FIGURE 2). It
must be emphasized, however, that the energy difference between single-crystal
absorption’4 and emission peak positions (Stokes shift) is also a function of R.
This might be a consequence of R-dependent relaxation properties in the excited
state that are not yet fully understood. To enlighten this effect, time-resolved

- - - - - 

- emission measurements are under current investigation.22 (See also ENERGY

~~ 
- -

••;
~~~ 
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Structural Correlation

The systematic dependence of the emission peak energies on the in-chain Pt-Pt-
distance R for columnar structures of the tetracyanoplatinates(ll) represents a
useful correlation that may be applied to determine structural parameters. —

The correlation of the emission peak energies ii (in cm~~) with the Pt-Pt-
distances R (in A) can be expressed (at 295 K) by the empirical equations~
(FIGURE 2)

E l I c : i i , i — 42.9 .lO~ — 8.0 . l0 5 R 3 
- (1)

EJ..c:111 — 36.8 . IO~ — 6.3 . I0 5 R 3 (2)

A determination of R has been achieved for the columnar structure compound
KL1CP, using polarized emission peak energies. Conventional x-ray methods con-
firmed the result)1

The application of the correlation to CsCP represents an interesting example
and will be discussed in more detail. The CsCP emission peak energies ii~~ —

25200 cm 1 and 
~~ 

— 22800 cm~ (at 29YK) fulfill Equations I and 2 inde-
pendently at R — (3.56 ± 0.02) A. This value is not equal to c/ 6 (Z — _ 6) (with 

FIGURE 3. Helix of the [Pt(CN)4 12 h
units in Cs2[Pt(CN)4J . H 20. (Space - C
group: C62-P6 ,).’.23

~~~
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.L



- -

544 Annals New York Academy of Sciences

the lattice constant c = 19.336 A ’ ), which would be expected if the platinum
atoms of the [Pt(CN)4J2- units were located just on the c-axis. The first struc-
ture predictions,~ however, suggest a helical arrangement of the complex units
lying a distance h apart from the sixfold screw axis. This implies a larger Pt-Pt-
distance. If the spectroscopically determined R is assumed to be correct, it follows
h — (1.50 ± 0.04)A. Crystal structure determination confirms the values found
for h and R.6~

3 (FIGURE 3).

In spite of the lateral displacement of the [Pt(CN)4] 2 units, the application
of Equations 1 and 2 still yields the correct Pt-Pt-distance (within limits of experi-
mental error). This implies that the transition energies are not essentially altered.
On the other hand, the energies react very sensitively to small changes of the inter-
molecular interaction, which is determined by the wave-function overlap. An
appreciably smaller overlap would be suggested for a helix structure type unless
the wavefunctions are widely spread out over the whole molecular units (although
the complexes are tilted toward each other (FIGURE 3)). A calculation of the

i 

SrfPt(CN1~J - 5 H 2O 

- 
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C

I . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fiouas 4. Polarized emission spectra of different tetracyanoplitinate(U) single crystals at

$0 K and I atm. The vertical lines indicate the peak energies at 295 K (E II C : . . . ,  E.Lc:
). The Elc emission intensities have to be multiplied by a factor of S for comparison
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FIGURE 5. Energetic positions of the polarized single-crystal emission maxima versus
temperature for KLiCP11 and MgCP.2°

wavefunction distribution carried out by Interrante and Messmer confirms this
overall diffuseness.2’

Low- Temperature Investigations

Temperature variation causes obvious changes of the spectroscopic properties
of the tetracyanoplatinates. Thus these investigations represent a source of further
information.

FIGURE 4 shows some 80’K emission spectra.5 The transition energies undergo
a large red shift which is also observed for the single-crystal absorption data.’42°
FIGuRE 5 reproduces the peak energies of the polarized emission versus tempera-
ture for the two compounds KLiC P1’ and MgCP.~

The relative intensities of the low energetic F Ii c emission peaks depend strongly on
- ~ ~-, the quality of the crystals . The half-widths and peak energies arc approximately the same

-
- - as those of the E.Lc emission peaks. Therefore, the low energetic F II c emission peaks

- 

- 

~~~~~~~ are mainly attributed to a polarization error being about 3%.
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The red shift can be attributed mainly to a large thermal contraction of the
in-chain Pt-Pt-distance R leading to a temperature-dependent increase of the
interaction between the molecular units and thus to a decrease of the band gap
energies.2° Recent temperature-dependent x-ray investigations for KLiCP clearly
underline this interpretation. The Pt-Pt-distance R is reduced from 295°K to 80’K
by~~R = —(0.05 ± 0.004)A.23

The relative intensities of the polarized emission !(E II c)/ I (EJ.. c) vary
strongly with temperature (compare FIGURES 1 and 4). This can be understood in a
first approximation by assuming a Boltzmann distribution between the two emit-
ting states. The lower energetic transition is spin-forbidden, whereas the higher
one is f u l l y  allowed (Spectroscopic Properties under Ambient Conditions). Thus ,
as far as the rate of thermal equilibration between these two states is large com-
pared to other processes,26 the upper state is populated according to exp( — ~E/ k 8 T),
being proportional to the relative intensities I(E II c)/ I(E J..c). (~ E is the en-
ergy difference between the corresponding states and k 0 is the Boltzmann con-
stant.) it follows, that a reduction of the temperature Tleads to a relative decrease
of the upper-state emission.

The variation of the relative intensities with a change of the Pt-Pt-distance R
(at constant temperature, FIGURE 1) may be explained in the same approximation.
Probably AE increases with an increase of R. (Note: The energy difference be-
tween the emission peak energies, reproduced in FIGURE 2, has not to be equal
to~~E.) -

It must be emphasized, however, that the application of the Boltzmann law is
only of limited use. For example, at low temperature (S K) the rate of the thermal
equilibration between the corresponding states seems to be relatively small.22

Consequently, the Boltzmann distribution should not be applied. A further cx-
ample of a nonvalidity of this approximation is discussed in ENERGY TRANSFER
FROM [Pt(CN)4)2- COLUMNS TO Sm 3

~.Temperature reduction increases further the longest component of the emission
lifetime by some orders of magnitude.22 It also causes an appreciable half-width
reduction of the emission spectra (FIGURES 1 and 4). Thes~.~ effects are not further
discussed in this paper.

Phase Transformation in Y2 [ P t ( CN) 4J 3  2 / H 2 0 -

Structural phase transformations that are connected with changes of the
Pt-Pt-distance can be detected by monitoring the emission spectra (Structural
Correlation). Y2[Pt(CN)4J3 . 2 l H 20 (YCP) represents an informative cx-
ample. ’2 Between T = 29YK and T > T~ = (218.5 ± l)’K the YCP emission
properties are equivalent to those of other tetracyanoplatinates (phase I) (FIG-
URE 6). Slow temperature reduction below T,. (a’ lO K/h ) causes a jump of the
transition energies by about l0~ cm ’ (phase II). Further temperature decrease
leads again to typical emission properties (lower two branches of FIGuRE 6, a).
This behavior is attributed to a phase transformation. The columnar structure is
preserved but the in-chain distance R is reduced by ~R = (0.05 ~ 0.005) A ,
determined spectroscopically from Equations I and 2, and also confirmed by tern-
perature-dependent x-ray diffraction methods.23
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FIGuRE 6. Energetic positions of the single-crystal emission maxima (a) and molar specific
heat CM (b) of Y2(Pt(CN)4j3 . 2 lH 2O (YCP) versus temperature. The arrows give the di-
rection of the temperature variation. Specific heat measurements were accomplished by a
relaxation technique.’2’28

A fast cooling procedure to 5’K (... 30’K/min) and subsequent measurements
- - on slowly warming up results in emission properties of the YCP compounds as if

no phase transformation had occurred (upper two branches of FIGURE 6, a, in-
cluding the extrapolated temperature range). It is assumed that the fast-cooling

• procedure leads to a supercooled phase I .~~

The spectroscopic properties, discussed above, allow the conclusion that the
- 

,
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phase transformation is of first order. This is confirmed by measurements of the
molar specific heat CM, which shows a sharp peak (FIGURE 6, b), and further
stated by differential thermai analysis which reveals a transition enthalpy (from
phase Ito phase II) of about +1500 i/mole.

The spectroscopic and the thermodynamic results lead to statements that com-
plement each other. The spectroscopic results inform about the microscopic
rearrangements , while the thermodynamic ones give information about the en-
semble. The phase transformation certainly is governed by three-dimensional
forces.

Polarized Emission under High Pressure

The interaction between the [Pt(CN)4J2— units determining the optical transi-
tion energies depends strongly on the in-chain distance, which can be varied by
chemical substitution from R = 3.67 A to R — 3.09 A. (TABLE 1). This method
of chemical substitution, however , allows only a discontinuous “adjustment” of
the Pt-Pt-distances. Application of high pressure, on the other hand, permits the
adjustment of R to any intermediate value.’6 Consequently, by combination of the
chemical substitution method with a high-pressure technique, a continuous
“tuning” of the transition energies is possible from the near uv to the i.r.

FIGURE 7 shows the pressure-induced shift of the emission peak energies for
three compounds of the tetracyanoplatinates(II)? The three different diagrams,
all having separate pressure scales, are composed to one diagra m by fitting the
transition energies of the different compounds. NaCP and MgCP were selected,
since to our knowledge these salts are the single-crystal compounds available with
the largest and the shortest Pt-Pt-distance, respectively. R of CaCP lies just be-
tween them (TABLE I).

The transition energies for various other tetracyanoplatinates(II) obtained
under ambient conditions are also inserted in FIGURE 7. It is seen that these values
fit very well within the limits of experimental erroe. The Pt-Pt-distances of the cor-
responding compounds thus lead to the upper scale.

These results demonstrate that the Pt-Pt-distance can be reduced by applica-
tion of high pressure or by chemical substitution with an equivalent effect on the
transition energies. Moreover, the analogy between the two methods is also valid
in a first approximation concerning the relative intensities of the transitions.
Consequently, this investigation indicates that the outer sphere surrounding one
chain is of minor importance for the determination of the transition energies.
This is the reason the correlation between pressure (lower scale of FIGURE 7) 1 -

and Pt-Pt-distance (upper scale of FIGURE 7) can be given.” The dependence is
not a linear one.

The importance of the actual crystal structure, however, clearly appears in the
transition regions of NaCP and CaCP where pressure increase does not shift the
emission peak energies within the limits of experimental error. Equivalent be-
havior has been found for BaCP at nearly the same emission peak energies.’6 The
optical data do not allow a conclusive interpretation for this effect, but a rca-
sonable assumption seems to be that phase transformations occur in these regions
with no or only small changes of the Pt-Pt-distances.

I .
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F,ouae 7. Emission peak energies (or single.cryatal Na2(Pt(CN)4J 3H~O, CaLPt(CN)41 ’5H 20, and Mg(Pt(CN)4 J . 7H 20 versus pressure.~ ”2 The emission peak energies for vari-
ous other M~tPt(CN)4 J . yH 2 O salts are also inserted (E II  c~, Ejc.). The experimental
uncertainty is about *1 kbar and *lOO cm-1.

TABLE 2 summar izes some of the results found by application of high pres-
sure (at 295 K). It includes the peak energies of the polarized emission at I atm
and 20 kbar, and the slopes ~v/~ p for p — I atm. These data belong to the
largest values reported until the present.

ENERGY BANDS

An interpretation of essential properties of the tetracyanoplatinates can be
given on the basis of a simple model. Because of the exceptional arrangement of
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the molecu lar units in crystals with col um nar str uct u re the inter molecu lar
coupling within every column is much stronger than the coupling between
different columns. This has been stated by the high-pressure investigations (Po-
larized Emission under High Pressure). Therefore , as a rough model it seems
possible to regard only a li near chain of [Pt(CN)4 12 -complexes.

In the case of very large intermolecular distances R, we have a system of
single-oriented complex ions, without mutual coupling. The relevant one-electron
states of such single complex-ions are shown schematically in FIGURE 8. It is of
great importance that the (CNa.*)~states of the CN-system lie energetically in the
neighborhood of the (Pt-5d/6p)-states. By coupling with the metal (Pt 6p3)-

0
~h

,

6p

CN’t ’
/

_ _ _ _ _ _ _  /

‘ 

‘
~~~,‘ i ~~d~~a .y 2) ,

‘

I’ /

“ 
/ O 2~,(6P Z . Ttl

5d ~~~~~~~~~ a19(5d 2 2L
e9 (5d,2.d~1).
b29 f5d 2~

)

CNi~

Pt 2
~ (Pt(CN)4 12 CN

FIGuRE 8. Simplified one-electron molecular orbital level diagram for (Pt(CN)412— .

orbital, a mixed molecular state (Pt 6p2, CNr*) results which is located below
the metal (Pt 5d

~2 _,,2)-state, and which leads to the first excited state 
~~~~~~ 

(D45) .t
The ground state ‘A ,, (D45) results from the occupied (Pt 5d~,, Sd ,2, 5dm, 5d~,>~
orbitals being mixed with ligand orbitals.24’3’ 33 The 3d22 orbital may also be modi-
fled by additional Pt 6s admixtures.

If the Pt-Pt spacing R decreases, orbitals of neighboring molecular units will
show increasing overlap, especially those orbitals pointing directly to the adjacent

tflis is in contrast to the tetrahalogcnoplatinate (II) ions, where the r -ligand orbitals
-

- 
: - 

are very high above the (Pt 5d)-lcvcls.’4

____ -
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Sr lPt(CN)~J-5H~ K21 i - 3H 20 BaI l - 4 H 20 KLil J - 2H 20 Mg ll- 7H 20 K C P - X 03
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FIGURE 9. One-electron energy bands of tetracyanoplatinates with different in-chain Pt-
Pt-distances R (upper part). P gives the %-contribution of the excited (Pt 6p7, CNr~)
states to the valence band (Pt Sd 2 6s) states (lower part).2’

metal ions. From the orbitals, cited above, (Pt 6p2, CNa~*) and (Pt 5d 2, 6s~will have a relatively strong overlap. Consequently, a relatively broad band split-
ting results. For this reason the upper region of the (Pt 5d22 , 6s) band forms the
edge of the valence band, whereas the conduction band is derived from the coupled
(Pt 6p2 , CNT*) states.

FIGURE 9 shows energy bands of some tetracyanoplatinates for different
Pt-Pt-distances R, calculated for the two-band model in the framework of the
extended HUckel theory with a modified (Pt 6p2), which represents the (Pt 6p,,
CN~ *) state and a (Pt 5d22 [90%J,6s[l0%1)_hybrid as the basis set. Details of the
calculation are found in Reference 21.

The following results are obtained:
As was to be expected, with decreasing R the band splitting increases and

the gap energy becomes smaller (FIGURE 9, upper part). For k, i r/ R the
calculated gap energy agrees well with the .R ~ law obtained from optical ex-
periments for F I c (see FIGURE 10).
The conformity between experimental and theoretical results seems to allow an
extrapolation to R —‘ oo(R ~ —‘ 0). This leads to the most prominent absorp-
tion peak of the [Pt(CN)4]2 aqeuous solution,’7~

5 which is assigned to cor-
respond mainly to the (Pt 5d,2, 6s) —‘ (Pt 6p,,CNT ) one-electron tran-
sition .~~

3
~

33’43

An extrapolation of the experimental data to R — 2.89 A being realized in
the partially oxidized KCP . X03 (FIGURE 10) leads to an energy gap of about
IO~ cm~~, which corresponds to the calculated band gap energy for R =

2.89 A. Approximately the same value has been found by Messmer and
Salahub.~ 

—~~~~~~ -~~~~~~ -~~~~~~~~--~~~~~~~~~~~~
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The (Pt 6p2 , CNrS)~orbital and the (Pt Sd 2 , 6s)-hybrid mix for 0 < k 2 < -i-j R,
with the wave-vector k 2 along the chain axis. For decreasing R the amount of
(Pt 6P2 ,  CN?*) contr ibution to the (Pt 3d22, 6s)-valence band increases and
the contribution maximum shifts toward the edge of the Brillouin zone at

= i-JR (see bottom of FIGURE 9). The increasing contribution of (Pt 6p2 ,
CNi-*) produces an increasing delocalization of ground state charge perpen-
dicular to the chain axis, caused by the charge structure of the (Pt óp~ , CNi-*)~
hybrid. These results have important consequences concerning three-dimen-
sional interactions, as, for example, the interchain coupling or the properties
of energy transfer to the rare-earch cations being located between the columns.

The results of the band calculations are supported by qualitative considerations
in the many-electron-scheme. Starting from the many-electron states of an isolated
complex ion, by coupling along the chain, the molecular sing let ‘A 2~ (D4h)
and the molecular triplets 3A 2~, 3Ev, 3B,,~ (primarily) generate the first excited
singlet band and the lowest triplet band, respectively. Group theoretical analysis
taking into account spin-orbit coupling by introducing the corresponding double
group3

~ (D~~) shows that the transition between the ground state and the first
excited singlet band is F II c polarized. This transition corresponds mainly to the
one-electron (Pt 5d 2, 6s) -‘ (Pt 6p~ , CNi-*) transition. The triplet band contain-
ing admixtures of the molecular ‘E~ (D4~) state (by spin orbit coupling) is
allowed E±c.2°
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Fiosiu 10. Emission and reflectivity peak energies (F I I c) versus R—3 for various

~~acyanop4atinates with different in-chain Pt-Pt-distances R at 295’K. The compounds are
is Taau I. m e  cmission peak energy at 3.10 A is taken from Reference 42 and

~~ point as 1 — 0(.) represents the peak energy of the corresponding transition in
•,l~ The theoretical points are the band gap energies at k, = i-/ R from Fio-
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Because of the different charge structure of the generating molecular states, a
decrease of R should produce a greater band splitting and therefore a stronger
reduction of the gap energy for the singlet than for the triplet band. This is a
qualitative interpretation of the different red shift of the transitions polarized
F II c and Etc. respectively. The R-dependent red shift of the emission peak en-
ergies possibly is additionally modified by different relaxation properties in the
excited states (POLAR1zaD SPECTROSCOPY).

ENERGY TRANSFER FROM [Pt(CN)4j2 COLUMNS TO Sm3
~

The stacks of the tetracyanoplatinates are not isolated in the crystal. Three-
dimensional interactions, not as yet studied systematically, are very important,
especially the influence of the immediate surrounding on the [Pt(CN)4] 2- columns.
For investigations of these interactions, cations having energy levels near the ex-
cited column states can yield useful information. Suitable “probe” ions are chosen
out of the rare earth series (e.g. Ln = Pr3

~, Nd 3
~, Sm 3

~, Eu 3
~). The

Ln2[Pt(CN)4]3 . xH 2O compounds also crystallize in columnar structures.~The results of the spectroscopic measurements reveal impártant additional
aspects for further investigating the LnCP systems. Radiationless energy transfer

• from the columns to the rare earth ions is observed. Since the excited states of
the columns can be “tuned” over a large energy range by chemical substitu-
tion methods and/or applications of high pressure the tetracyanoplatinates(II)
represent an exceptional donor system.

FIGURE 11 shows some results obtained for the SmCP-compound. The energy
of excitation and its polarization are chosen to fit the column interband transition
of very high oscillator strength (F II c). An emission from the columns (donors)
and the Sm 3

~ ions (acceptors) is detected. Temperature reduction from 295° K to
80°K causes a red shift and a half-width reduction of the column emission and
leads to an obvious enlargement of the resolution for the Sm3

~ ion em ission
(FIGURE 11 a, b).

The energy transfer from the columns to Sm 3
~ represeni.s a nonradiative pro-

cess. Radiative transfer (trivial case) as well as direct acceptor excitation can be - 
-

excluded , since the donor lifetime is reduced by several orders of magnitude corn-
pared to compounds with inactive cations (e.g. BaCP).22 Another result also
demonstrates that the transfer is radiationless. The acceptor ion interferes selec-
tively with the excited column states. The relative emission intensity I(EJ c)/
I(E II c) is reduced by more than two orders of magnitude, as is seen by com-
parison of the 80°K SmCP spectra with the 80°K BaCP spectra. (FIGURE 11 , b, and
4, b). The selective interference of Sm 3

~ w ith the different column states leads to
the conclusion that the energy is transferred nonradiatively, mainly via the lower
excited donor states of triplet character (being polarized F J.. c).

It follows further that thermal equilibration between the excited column states
(of E~- and A~,-character in D4a) is less efficient than energy transfer to the accep-
tor, otherwise the relative change of the polarization would not occur. A relatively
slow relaxation between the different excited column states is also indicated by
investigations of time-resolved spectroscopy.22 This possibly points to an involve-
ment of exciton traps in the dynamics of the column emission and transfer pro- -

- 
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cesses.~ The relaxation mechanism is not fully understood; however, the results
reveal the restrictions to an application of a Boltzmann distribution between the
excited column states, if transfer to the acceptor represents a competitive pro-
cess.

The acceptor state is not exactly known but presumably is one of the Sm3
~ ion

quartet states (FIGURE 12, a). The acceptor emission, however, can be classified to
transitions from 4G512 to the 6!-f j  ground-state manifold.37-38

The mechanism of the energy transfer is not easily determined. Nevertheless,
the spatial proximity of donor and acceptor favors the Dexter-exchange39 mecha-
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Sm 2 IPt(CN)~]3 - 18 H 20 - 295 K

•/ I 
P-.. 25 kbor
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23000 21000 19000 17000 ~ — 15000 cm~
Fiauaa 11. Polarized emission of single-crystal Sm2[Pt(CN)413 . 18H 20 (SmCP) under

different conditions.M.42 The dashed line indicates the energy of the Sm3
~ 4G512 ‘-

6115,2 transition. For clarity, the Sm3
~ line-emission (E I I  c) is omitted. Note that for corn-

parison of the intensities the spectra have to be multiplied by the factors given in the dia-
gram. The intensities of spectra obtained at different temperature and pressure are not
comparable.

nism. An inspection of crystal structures actually known~~
3 shows that nitrogen

atoms of the [Pt(CN)4J2 units are in the first coordination sphere of the cations.
The corresponding distance is only of the order of 3 A. Further, the [Pt(CN)4]2
wave-functions are spread out over the whole complex unit with substantial ampli-
tude even beyond the nitrogens.24 Consequently, the wave-function overlap with
the 4f orbitals may be considerable. Only a rough estimate of the transfer rate is
possible, and in reference36 it is pointed out that the exchange transfer presumably
predominates the Coulomb transfer mechanism. Further, it is shown that the
Wigner spin selection rules4° for an exchange transfer from the excited triplet
column state to the quartet Sm 3

~ state are fulfilled.

— 

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—

~~~~~~ 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~



556 - Annals New York Academy of Sciences

Energy transfer from the columns to the rare earth ions can be detected only
if the energetic position of the emitting acceptor states is low enough that even a
phonon-assisted back-transfer to the donor states can be excluded. This has been
established not only for SmCP but also for various other compounds (e.g. EuCP,
PrCP, and TbCP).~ Crosby el a!. discussed this rule investigating a large series
of rare earth chelates.4’ Consequently, it seems to be possible that the Sm3

~ emis-

Sm 3 (4f 5) Sm 3 (4f 5)

21.000 -

cm~~

22 000
t 

““.(-‘~~
“ — — — — — — — —

20 000 — — — — — — — £0
f l I f l (~ (~~#~ I 1

— — — — 4F312 — — — — 
~~3I2

18 000 “~~G5/2 “(U”

0~ — — -- — 6H —— -- — H512 512

1 atm 25 kbor

FIGURE 12. Energy level schemes for Sm2 [Pt(CN)4 13. 18H 20 at I atm and 25 kbar at
295°K. The shaded bars represent the emission maxima of the (Pt(CN)4J2- columns.
The dashed lines represent the Sm3-’- levels.37.38 The black half circles indicate emitting states.

sion (of SmCP) can be quenched if the excited column states are shifted to lower
energy. This is demonstrated in FIGURE 11, c.42 Application of 25 kbar results
in a red shift of the column states by several thousand wave-numbers and leads to
the expected disappearance of the Sm3

~ emission. Connected with this quenching
the relative intensity of the polarized column emission I (E k c )/ I ( E  II c) is changed

-- 
- ~~~~~~~~ to the same ratio as if the cations were inactive. - 

- 

- -

In FIGURE 12 the relevant energy-level diagram for SmCP under ambient con-
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ditions is compared to that under 25 kbar. The disappearance of the Sm3’- emis-
sion seems to be connected with a change of the spectral overlap integral39 be-
tween the F J..c donor-emission and 4F312 acceptor-absorption.36

CONCLUSION

The tetracyanoplatinates(II) represent an exceptional class of compounds due
to the arrangement of the [Pt(CN)412 t~nits in quasilinear stacks. The special
structure leads to very strong intermolecular interactions in the direction of the
columns and relatively weak interchain interactions. As a consequence of this
structure type, the physical properties are very anisotropic. Methods of polarized
spectroscopy with special emphasis on polarized emission spectroscopy represent
adequate techniques for studying these compounds. The transitions follow dif-
ferent selection rules and can be classified group-theoretically. The transition
energ ies are determined essentially by one parameter, the in-chain Pt-Pt-distance.
The energy dependence can be reproduced quantitatively (for the highly allowed
transition with E II c) by one-electron band structure calculations. These, as well
as spectroscopic predictions, permit the determination of band-gap energy for the
partially oxidized tetracyanoplatinate (e.g. K2[Pt(CN)4]Br0.3 . 3.2H 20).

It has further been demonstrated that the in-chain Pt-Pt-distance can be ad-
justed by chemical substitution (cation exchange) or application of high pressure
having an equivalent effect on the energies of the electronic transitions. Regard-
ing these properties, the compounds behave as being pseudoone-dimensional. Of
importance is that transition energies can be “tuned” almost continuously from
the near uv to the near i.r.. The possibility of tuning the excited column states
may imply some future technical applications.

Interactions of the columns with their immediate surroundings have been
studied by incorporation of “probe” ions selected of the series of the rare earth
ions (Ln3’- ). For Sm2[Pt(CN)4]3 • 18H20 (SmCP), it could be shown that a
radiationless energy transfer from the columns (donors) to SM3

~ (acceptor) occurs.
The investigations reveal that the energy transfer rate is much larger than the
thermal relaxation rate between the excited column states. This possibly points to
an involvement of exciton traps in the dynamics of the column-emission process.

The main importance of the LnCP compounds, however, does not seem to be
the “probing” effect of the Ln 3’ ions but the new possibilities existing for energy
transfer investigations with tungble donor states. Thus it has been shown for SmCP
that the high pressure-induced red shift of the donor (column) states leads to a
quenching of the SM3’ emission.
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DISCUSSION

PETER DAY: There are two different starting points from which one could set
-‘ out to describe the electronic structure of molecular materials. One is the route

— -~~~~~~~~~~~~~~ - — — -— —



Yersin & Gliemann: M~[Pt(CN)4~ yH2O 559

that you took in your tight-binding one-electron band-structure calculation. The
other approach for a molecular solid would be to assume that there was essentially
zero electron exchange between the constituent molecules, and then discuss the
optical properties in terms of tightly bound excitons. Have any of the experiments
that you have described actually enabled one to distinguish which is the better
model for these substances? The most direct evidence that you could expect to
have, at least for the excited states, would be if one detected photoconductivity. We
attempted to detect photoconductivity, and to a very good approximation did not
find any.

YERSIN: The electronic properties of the tetracyanoplatinates(ll) along the
stacking direction presumably lie in between these extreme limits. However, the
wavefunctions overlap in chain direction is large, leading to delocalized Bloch-
functions. The band-structure calculation based on this model quantitatively de-
scribes the transition energies for E II c. The measurement of photoconductivity
can be obscured by many effects. Possibly trapping effects prevent the detection of
photocurrents.

JACK WILLIAMS: The disodium tetracyanoplatinate trihyrate has a zig-zag
chain and three different platinum-platinum separations. Which separation do you
use in your calculations?

YERSIN: In most cases the emission comes from the lowest excited states, and
this would lead to the shortest metal-metal distance. However , the error bars for
the spectroscopic metal-metal distance determination is rather large in the corre-
sponding UV emission range. -

JERRY TORRANCE: If you extrapolate your energy as a function I /R3 to infinite
separation, you get an energy for that transition. How does that compare to what
you find in solution?

YERSIN: The formal extrapolation leads to the energy value of the correspond-
ing transition observed in solution.
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STRUCTURE AND OXIDATION STATES OF Ir AND Pt

ONE-DIMENSIONAL INORGANIC COMPLEXES*

Arthur H. Reis, Jr. and Selmer W. Peterson
Chemistry Division, A rgonne National Laboratory

A rgonne , illinois 60439

INTRODUCTION

The field of one-dimensional anisotropically conducting inorganic complexes
has been recently reviewed.’ Since publication of that review article, significant
contributions to the understanding of the anisotropic physical properties in these
inorganic salts have been made by means of synthesis of new materials and their
characterization by single. crystal x-ray and neutron diffraction methods. Con-
comitantly, several classical l-D materials, although first synthesized a number
of years ago, had never been structurally characterized, and this appears to have
retarded their physical and theoretical study. This paper will describe our attempts
to accurately characterize several of these classical materials. We will present
structural data on K2 Pt(CN)4 . 3H 20, K,75 Pt(CN)4 . l.5H2O, K,6 Pt(C204)2 .
l.2H20, and Ir(CO)3 Cl. In our discussion of these diverse l-D materials, empha-
sis is placed on the relationship of the structural properties, metal-metal distance
and ligand conformation, and the partial oxidation state of the metal.

K2 Pt(CN)4 .3H20(KTCP)

The preparation of partially oxidized l-D salts of the type K2 Pt(CN)4 Br0~~.3H 20, KCP(Br), and K2 Pt(CN)4 C1032 . 3H2O,~ KCP(Cl), and the cation-defi-
cient compound K 1.75 Pt(CN)4 -. L5H20, KDEF, requires the partial oxidation of
the starting materir-j l, K2 Pt(CN)4 . 3H20, KTCP. The latter c’mpound crystallizes
as clear needles, noticeably dichroic, reflecting yellow light perpendicular to the
needle axis and blue light along the axis. The conductivity is l0~~ that of
KCP(Br).2 We have investigated the three dimensional structure of KTCP by
neutron diffraction.3 

-
KTCP is orthorhombic, space group, Pbcn, with unit cell axes, a = 13.426(5),

b — 11.848(4), c — 6.956(2) A and Z — 4. The crystal structure, shown in FIG-
URE 1, consists of nearly square planar Pt(CN)4 2 - groups stacked parallel to the
c axis of the crystal, thus forming linear Pt atom chains. A single Pt-Pt distance
of 3.478(l)A is observed along the linear chain, indicative of a weak metal-metal
interaction. Even though this chain interaction is very weak, in accord with the
lack of metallic properties, each Pt(CN)42 group influences those groups above
and below it along the chain. As is shown in FIGURE 2, the CN ligands are stag-
gered l5.7(l) and 16.7(l) . Since in this material the d’ Pt is not partially
oxidized, any electronic interaction between Pt atoms along the chain arises, as is
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shown in FIGURE 3(a) through the repulsion of aig—a ig bonding and a2~-a2~ anti-
bonding MO’s.4 The stacks of Pt(CN)42 groups are further stabilized by hydro-
gen-bonded water molecules which link CN - groups within a stack and also cross-
link between CN - groups of adjacent stacks (see FIGURE 1).

It is interesting to compare what happens to the KTCP lattice upon partial
oxidation by the addition of Br or Cl to the lattice forming the familiar KCP(Br)
and KCP(CI) lattices,5 shown in FIGURE 4. The point group symmetry is changed
from mmm to 4mm and thus from centrosymmetric to noncentrosymmetric. The
site symmetry of Pt is changed from I to 4mm. The Pt(CN)42 group is nearly
square planar in KTCP, whereas it is square but distinctly nonplanar in KCP(Br).
The K + ion and H20 are distributed in opposite halves of the cell in the non-
centrosymmetric KCP(Br), but they are symmetrically distributed in KTCP. The
most striking changes are the shortening of the Pt-Pt separation from 3.478(1) to
2.890(1) A (KCP(Br)), and the configurational change of the vertically stacked

- 
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FIGURE I. Stereopacking drawing of K2 Pt(CN)4 . 3H20 viewed down c. The a axis
is horizontal and b is vertical. Hydrogen bonds are indicated by the lighter lines.

Pt(CN)42 groups from a staggered l6’ torsion angle to a 45 configuration. In
addition, while the four Pt atoms in the cell of KTCP are equivalent, there are
two distinct Pt atoms in KCP(Br) with essentially equal separations. The
shortened Pt-Pt separation has been previously explained to be due to a partial
removal of d~2 electrons from Pt upon oxidation, which allows substantially im-
proved d~2 orbital overlap and stronger metal-metal bonding (see FIGURE 3).
The Pt(CN)42 group configurational change is undoubtedly due to the increased
T-orbital repulsion of the CN - groups brought into closer contact in KCP(Br).

In many respects the structures of KTCP and KCP(Br) are quite similar, in
spite of the symmetry differences. The K + ions in KTCP have sevenfold coordina-
tion with four N and three 0 near neighbors, while in KCP(Br) the neighbors are
Br plus four N and three 0 atoms, giving an eightfold antiprism coordination.
There are two kinds of H20 molecules in each structure. The H2 0(1) molecules
link Pt(CN)42 groups lying along the cell edges, and the H20(2) molecules
cross-link essentially along cell diagonals between nonequivalent CN - ions at-
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Fiau~a 2. Stacking configuration of the Pt(CN)42 ions. V iew is down the c axis. Bond
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tached to the Pt(CN)42 groups located diagonally across the cell. In both cases
H20 is given up readily.

K ,75 Pt(CN)4 . 1.5H2 0(KDEF)

Unlike the subtle yet electronically important lattice changes that occur when
KTCP is partially oxidized to the anion excessive KCP(x), x = Br - or Cl -
mater ials, the partial oxidation of KTCP to K 175 Pt(CN)4 . 1.5H20, (KDEF),
with the removal of cations, has a drastic disruptive effect in the lattice. KDEF
crystallizes in the triclinic space group P1 with a = 10.323(14), b = 9.285(13),
c = 11.865(17) A , a = 77.31(3), ~ = 114.85(5), -y = 73.84(2)° and Z = 4. The
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FIGURE 4. A unit cell of K 2P1(CN)4 . Cl032 . 3H 20 viewed down the c axis.

most striking feature of the crystal structure of KDEF is the nonlinear zigzag
chain of Pt atoms, Pt(1)-Pt(2)-Pt(3) — l73.21(2)° (see FIGURE 5), which arises
from the transverse displacement (0.198(1) A ) of one of the three nonequivalent
Pt atoms within the asymmetric unit. X-ray6 and neutron7 structural studies agree
well on the magnitude and direction of this chain distortion and that its origin is
not electronically caused or related to a Peierls distortion. Even though there are
three nonequivalent Pt atoms, there appears to be only a single Pt-Pt distance;
thus x-ray results’give Pt(1>-Pt(2) — 2.967(l) and Pt(2)—Pt(3) — 2.976(1), while
neutron results7 give Pt(1)-Pt(2) — 2.961(1) and Pt(2)-Pt(3) — 2.965(1) A.
The Pt-Pt distances are of the order of 0.1 A longer than those found in KCP(Br)
and KCP(CI), and, as we shall discuss later in this papel, they appear to correlate

-; --
~~~~~~~~ - with the smaller oxidation state of Pt in KDEF. Unlike the more eclipsed (— 16°)
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FIGURE 5. Stereopacking drawing of K 175 Pt(CN)4 . 1.5 H 20 viewed down the c axis
showing hydrogen bonding and TCP unit rotation.

KTCP, and the staggered (45°), KCP(x), KDEF shows a nonuniformity of stag-
gering of each CN ligand along the chain. If the Pt(CN)4~~” groups are repre-
sented as TCP, the torsion angles, as shown in FIGURE 5, are: TCP(l)—TCP(2) =

45.3(5)°, TCP(2)—TCP(3) 49.8(3.7)°, TCP(1)—TCP(3) = 5.l(2.l)°, and
TCP(2)—TCP(2)’ = l.7(l.1)°.

The chain distortion and the nonuniformity of staggering of the TCP groups
are caused by interactions of the TCP(2) unit with an unsymmetrical distribution
of K + ions which are coordinated to the N atoms of the TCP(2) group. A resultant
coulombic force vector which is proportional to the asymmetric charge distribu-
tion of K + ions is shown to be of appropriate magnitude and direction to account
for the Pt(2) distortion. FIGURE 6 shows the TCP(2) unit and the resultant K + ion
point charges acting on each N atom. The attractive force exerted by a K~ ion
coordinated to a Pt(2) cyanide group is to a first approximation given by
q~q7~r2 where q~ is the point charge on the K~ ion, q is the formal —0.4375
point charge on each of the N atoms of TCP(2), ~ is the dielectric constant, and
r is the separation between the point charges. Since r is roughly the same for all
K~-N interactions and e is assumed to be a constant, the net force on Pt(2) is
approximately proportional to the net K + ion point charge distribution and may
be obtained by summing over all potassium ion-TCP(2) interactions. The sums of
the K + ion charge components in the direction of the Pt-N vectors are 1.378,
0.994, 1.511, and 0.000 for N(l)’, N(2y, N(3)’, and N(4)’, respectively (see

L FIGURE 6). The components along the x andy crystal axes of the resultant charges
r are then 0.601 and — 1.215 , which should be directly proportional to the forces

exerted along these directions. These unbalanced point charges acting on the Pt(2)
tetracyanoplatinate unit would be expected to displace it until restoring forces set
up a new equilibrium. The actual displacement of Pt(2) observed in this study has x
and y components of 0.096 and —0. 198 A , respectively. The ratio of the magni-
tudes of the resultant point charges along the x and y axis is —0.495; the ratio
of the Pt(2) shift components in the x and y directions is —0.485. Clearly this

- - 
simplified model is in good agreement with the observed direction and relative
ratio of the displacement in the x and y directions. It is also possible to show yery
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approximately that the chief restoring force is the stretching of the Pt( 1)—Pt(2)
and Pt(2)—Pt(3) bonds.

DEGREE OF PARTIAL OXIDATION—BOND DISTANCE CORRELATIONS

As we have stated in the previous section, the decrease in the partial oxidation
state in KDEF to Pt225 appears to correspond to an increase in Pt-Pt distance
when compared to the KCP(x) materials. Contrary to previous data showing only
a few partial oxidation states being stabilized, a number of partial oxidation states
have been reported for l-D salts (TABLE I) where the basic bonding unit, the

.‘ polymeric [Pt(CN)4]~ or [Pt(C2O4)2I~ chain is present in all known structures. In
order to establish a physical correlation among these partially oxidized materials,
a partial oxidation—bond distance correlation may be adopted.8 9

Some years ago, Pauling’° introduced the resonating valence bond theory of
metals (RVBM) and used it td assign metallic valences and to successfully corre-
late a vast amount of data concerning structure and interatomic distances in
metals. The theory assumes the existence of a fractional metallic orbital, formally
empty, which makes possible unsynchronized resonance of electron-pair bonds be-
tween adjacent metal atoms. The resulting resonance stabilization leads to the
characteristic metal bond and other metallic properties. The dependence of metal-
metal distances on bond numbers was formulated as D = — 0.600 log it ,

where D,, and D0 are metallic distances applicable to bond numbers it and 1,
respectively, with it � 1. Bond number refers to the number of electron pairs
involved in a bond and is assigned by means of a relation equating the valence
of an atom to the sum of the bond numbers for all bonds to a given atom. The
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bond between the metal atoms is strengthened, if ekctrons are removed from the
a2~ antibonding molecular orbitals (FIGURE 3) by partial oxidation of the metal.
FIGURE 3 describes a simp lified M.O. description of Pt2’°~ complex which has been
partially oxidized to a Pt~ 

+x) state . Here x electrons per atom are removed
from the a2U antibonding molecular orbitals; the bonding stabilization is therefore
related to 2x, the number of bonding electrons, and the metallic valence = x for
l-D chain bonding. Since the oxidation state of Pt is (2 + x)~ the bond number is
equal to the increase (x) in oxidation state due to partial oxidation. Using this
approach and the equation D,, = — a log it where D~ is the average metal-
metal distance in a l-D partially oxidized Pt comp lex, D0 = 2.590 A a Pt-Pt
single bond distance,” and it the fractional part of the partial oxidation state
which is equal to the bond number, TABLE 1 gives calculated values of a for
eleven different t-D metallic complei es and Pt metal. a varies over a small range
from 0.527 in Rb2 Pt(CN)4(FHF)0~~. XH2O I4t

~ to 0.640 for K 16 Pt(C204)2 .
l.2H20;’5 however, in these two materials the stoichiometries are still doubtful.
A least-squares fit of these twelve values of a gives an average value of 0.59 ~0.03, which is surprisingly similar to that determined by Pauling 30 years ago for
3-D metals. Therefore, the degree of partial oxidation appears to be directly re-
lated to the metal-metal distance in at least a closely related series of compounds
such as these partially oxidized Pt l-D materials. The relation, since it holds for
both free metals and the l-D metal complexes, implies a metallic bond involving
resonance stabilization, which is common to both types of materials.

K ,6 Pt(C204)2 . I.2H20(KDOX)

The two complexes Mg0g2 Pt(C204)2 . 5.3H2 0’3 and K ,,6 Pt(C204)2 .

TABLE 1
PARTIAL OxIDATIoN STATE VS. Pt-Pt DISTANCE

Oxidation Bond Av. Distance,
No. Material State no. D,,
I K 175 Pt(CN)4 . 1.5H 2O6’7 2.25 0.25 2.967 0.626
2 IC(NH2)3I2 Pt(CN)4CI025~ H20’2 2.25t 0.25 2.924 0.555
3 Rb ,73 Pt(CN)4 . xH 2O 17 2.27t 0.27 2.94 0.616
4 Cs 1 72 Pt(CN)4 . xH 2O ’7 2.28t 0.28 2.88 0.524
5 (NH4)2 Pt(CN)4Cl0 3 . 3H 2O I4a 2.30 0.30 2.910 0.612
6 K 2 Pt(CN)4 Br0~y 3H 205 2.30 0.30 2.890 0.573
7 K 2 Pt(CN)4Cl0,32 . 3I-120~ 2.32 0.32 2.879 0.584
8 Mg082 Pt(C 204)2 . 5.3H 20’3 2.36 0.36 2.850 0.586
9 K 1~ Pt(C 2O4)2 . L.2H 20’S 2.40 0.40 2.845 0.640

10 Rb 2 Pt(CN)4(FHF)o w . xH 20i4b 2.40 0.40 2.800 0.527
II Pt metal’6 — 0.50* 2.775 0.614

— D0 — a log it , D~ = 2.590 A .a51, — 0.59 ~ .03.
tValues of the partial oxidation state obtained from diffuse scattering measurements.
t Pt metal is assigned a metallic valence of 6 and has 12 near neighbors; hence the bond

number is 0.5.
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FIGURE 7. A rotation photograph of a crystal of K 16 Pt(C 204)2 . l.2H 20 mounted along
the c axis showing the metal lattice (Cm), the intermediate ccli (4 x cm), and the incommen-
surate metal superlattice (10.25 x cm).

l .2H 2 O,~ KDOX , are the on ly par tiall y oxidi zed platinum oxalate complexes to
have their struct ures characterized by x-ray diffraction. In many aspects the chem-
istry and physical proper ties of these ox alate salts are very sim ilar to those one-
dime nsional CN salts whi ch we have described ea rl ier ; however, in other aspects,
especiall y the ex istence of several phases for each salt , their chem ist ry is qu ite
different. Within this section we will present a detailed description of the
K 16 Pt(C 204)2 . l.2H 20, (KDOX), phase and compare it structurally with
Mg032 Pt(C 204)2 . 5.3H 2ö and the cationic deficient CN complexes.

FI GURE 7 shows an x-ray rotation photograp h of a crystal of KDOX mounted
along the c axis. The KDOX lattice may be described in terms of three cells that
di ff er in their c ax is length. The sm allest cel l (most in tense reflectio n spacin g on
the photograph) represents a metal-metal spacing along the c axis of 2.844 A (Cm),

the intermediate cell (weak commensurate levels on the photograph) a spacing of
exactly 4 X Cm, which is indicative of the ligand repeat and transverse chain dis-
tortion; and the largest cell (weak incommensurate levels bracketing the most
intense lattice reflections) a spacing of 10.25 X Cm, which may be indicative of
sinusoidal displacements of the metal-ligand groups. Ignoring the superlattice in-
commensurate data at this time , we will discuss only the fundamental structure of
KDOX, which is shown in FIGURE 8. 

—

KDOX crystallizes in the triclinic space group, P1, with unit cell constants ,
a — 9. 744(12), b — l0. 700(l3), c — ll.377 (l4) A , a — 80.23(6),fl — 77.97(7) ,

~~

—
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FIGURE S. A stereoview of the fundamental structure of K ,6 Pt(C204)2 . l .2H 20 viewed
down the c axis of the lattice .

7 — 115.87(3) and Z — 4. The structural properties of the fundamental structure
of this l-D compound are quite similar to those observed for K ,75 P1(CN)4 .
I.5H 20, KDEF . They include: (1) The formation of parallel zig-zag Pt atom
chains aligned along the c axis. (2) A transverse Pt atom displacement of
0.056(5) A (somewhat smaller than in KDEF), and a Pt( l )-Pt(2)-Pt(3) bond
angle of 177.8(2)’ . (3) Three nonequivalent Pt atoms in the chain and two Pt-Pt
distances , 2.857 (2) and 2.833(2) A. (4) The oxalate ligands are bidentate and are
staggered (— . 45’) with respect to the Jigands directly above and below it in the
chain (see FIGURE 9). However , all Pt(2) oxalate ligands are eclipsed ( — 5) ,
whereas Pt( 1) and Pt(3) oxalate ligands arc staggered ( — 90’), giving a staircase
effect to the ligands. (5) Except for a single K + ion , all other K + ions and water
molecules are positionally disordered. There are five K + ion sites and five H 20
sites in the asymmetric unit. (6) K + ion and water molecule interactions cause
the exterior oxygens of the oxalate ligands to be bent from planarity. (7) An oxida-
tion state of 2.4 for Pt is indicated by the crystallographic stoichiometry and is in
good agreement with that found by chemical analysis. ’1

Both KDOX and KDEF materials are triclinic and the platinum atom sites
are such that in each structure two of the Pt atoms are at centers of symmetry and
the third at a general position. This arrangement allows displacement of Pt atoms
in the general positions giving risc to nonlinear zigzag chains of Pt atoms in both
structures. The driving force behind the chain distortion in KDEF is the asym-
metric distribution of K + ions around Pt(2) . K DOX also has an asymmetric K +
ion distribution around P1(2), and the chain distortion is in the direction of the
shortest 0—K 4 interaction. The displacement amplitude , however , is only
0.056(5) A compared to the 0.198(1) A displacement found in KDEF. This is
attributed to the greater shielding effect of the larger and more complex oxalate
ligand and to an increase in the r bonding due to the overlap of oxalate molecular
orbitals of like symmetry.

The Pt-Pt bond distances in KDOX are inequivalent and differ by 0.024 A ~~.003. However, the Pt-Pt separations given above should not be taken as definitive,
since the noncommensurate superlattice intensities were not included in the calcu-
lation. These superlattice reflections persist to very high 28 angles (160’ CuKa),

I —
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giving evidence of their origin in scattering from Pt atoms. The supercell becomes
commensurate with the intermediate cell at I 16.19 A, which delineates a 41 Pt
atom repeat. The average Pt-Pt distance of 2.845 A is quite consistent with the
experimental oxidation state of 2.4 for Pt determined crystallographicall y from the
K + ion site occupancies.

Finally, we wish to comment on the interesting and unique ligand conforma-
tion in KDOX. In the previously characterized Mg0 82 Pt(C204)2 5.3H 20, the
Pt(C204)2 lM units show a repeat of two units staggered by 60’. In the KDOX
chain , three units are staggered by 45 and 90’ from the first. Recent intermolecu-
lar orbital calculations ’9 have accounted for the 60 rotation in Mg082 Pt(C 204)2 .
5.3H 20 in that for this rotation a maximum number of attractive versus repulsive
orbital overlaps occur between the HOMO and LUMO of appropriate symmetry.
By similar calculations for KDOX , the staircase configuration is easily justified in
that 12 favorable overlaps occur between each of the two consistent pairs of
HOMO and LUMO orbitals of appropriate symmetry 2° (see FIGURE 10). The con-
formations that are observed for the Mg0•52Pt(C 204)2 . 5.3H 20 and for KDOX
appear quite different. From the MO.  results , however, they are indeed very
similar. In KDOX the third oxalate ligand is rotated 90’ to the first and 45’ to
the second; however , if it were rotated to be eclipsed with the first ligand (still
staggered 45’ to the second) the same number of orbita l overlaps will result
because of a mirror plane passing through the C—C bonds of the LUMOS. Now
this hypothetical arrangement is quite similar to the Mg012 Pt(C204)2 . 5.3H 20

0(12)
0(7) ~~ 000) C(s)

0(5)

~(2) C(S) 0(11)

~ (2) ~~~~~FIGuRE 9. A single wavelength of the
Pt chain showing the ligand conforma- 0(I)
tion in K 16 Pt(C204)2 . l.2H 20.
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conformation except for a IS’ rotation difference. A very shallow energy barrier
might be assumed between the 45’ and 60’ conform ation, where packing restric-
tions will determine the final configuration of the polymer chain.

Ir(CO)3C1

Recently, controversy has arisen concerning the l-D chain compound orig i-
nally characterized as Ir(CO)3Cl2~

2 and late r reported to be nonstoichiometric ,
Ir(CO)293 Cl 1~~

23 or lr(CO)3 C11, .~~~ A preliminary report on the x-ray struc-
ture of the Jr compound gave the stoichiometry as Ir(CO)293 Cl ,07 based on an
unpublished chemical analysis. 23 Since the structure of this compound involved
stacked square planar groups and short Jr-Jr distances, it was described as
similar to the partially oxidized cyanoplatinate compounds which share similar
physical properties and structures. The reported chemical formulation was ra-
tionalized by suggesting that a small amount of Ir(CO)2 Cl 2 was incorporated into
the crysta l. Others~ have concluded that the excess Cl- ion must reside inter-
stitially within the crystalline lattice on the basis of Ir ’93 Mossbauer data , which
suggest It is present in a single-valence state and also magnetic susceptibility
data , which rules out the presence of Ir~

2. It is well k now n , however , that this
material sublimes readily at I 50’C in a stream of CO, which seems to be incon- j
sistent with an ionic state. A quite different objection to the formulation
lr(CO)3Cl 1 1  is that it implies an It ’’ oxidat ion state, suggesting a very weak
Ir-Ir bond of bond numbe r ~~~~ and an expected It-It bond distance of 3.16 A.
The observed dista nce, 2.844 A , corresponds to a stronger bond of bond num-
ber — 0.3 with an oxidation state of 1r 13 . Thus, a much larger amount of C1
ion is expected to be present if this material is to be described similarly to the
Pt I D  materials. The class of anionic iridium carbonyl halide complexes25

~
6

R~Ir(CO)2 Cl2 (x — 0.38 — .52), which are partially oxidized and have higher
oxidation states are cases in point. We have therefore concluded based on our
structural data and other physical measurements that Ir(CO)3Cl is stoichiomet-
n c . 27

Ir(CO)3C1 prepared by the method of Fischer and Brenner 22 and sublimed at
I 50C in a CO stream resulted in long copper-brown orthorhombic needle crystals.
The space group is C ,,cm , and the cdt dimensions are a — 5.687(2), b — 15.168(5),
c — 12.909(7) A , and Z — 8. The chemical analysis of this material is shown in
TABLE 2 along with the calculated values for Ir(C0)3Cl ,., and Ir(CO)3Cl. Single
x-ray sized crystals were used for one of the determinations to eliminate im-
purities as far as possible. This table clearly indicates that the stoichiometry of
our samples is Ir(CO)3Cl , showing no excess halide. In the structure solution all
atoms were refined anisotropically to a final R F2 — 0.0 19 for 581 reflections with
no reflections considered unobserved. This very low discrepancy index reflects the
high accuracy of our structural model and the completeness of our refinement.

The chief structural findings which relate directly to the one-dimensional char-
acter are: (1) Two crystallographically different It atoms at (0,0.083,1) and
(0,0.58 1,1) and a single Jr-Jr bond distance of 2.844(I) A and a Ir( l)-Ir(2) -
Ir( l) bond angle of 178.53(2)’ . (2) Staggered planar Ir(C0)3C1 molecules are
stacked parallel to the a axis (see FIGURE I l )  (3) A stacking disorder of

— ~~~~~~~~~~~~~ 
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TABLE 2
ELEMENTAL ANALYSIS OF IR(CO)3 CL SAMPLE 1

%Ir %CI

Calculated lr(CO)3Cl 11  60.97 11.43 12.37
Calculated Jr(CO)3Cl 61.67 11 .56 11.37
Single Crystal Sampkt 1. 61 9 3 10Two Sublimations in coj . 2 I I .  6 .90
Powder Sample, 6 19 120 l i i iTwo Sublimations in co . 8 I

Elemcntal analysis performed by Gaibraith Laboratories, Inc ., Knoxville , Tenn. 37921.
t% °2 cannot be determ i ned in the presence of Ir , C, and Cl.
*The calculated stoichiometry determined from the single-crystal sample and based on

integral CO is lr 1~~(CO)3Cl095 .

• Ir(2)(CO)3Cl groups results in a close overlap of the Cl and one CO ligand (see
FIGURE I 2). The 5O% positional disorder was completely resolvable because of the
excellent refinement. When refinement of the multipliers of each of the disordered
atoms were included as variables , no change from the 50% weighting initially as-
sumed was found. This result precludes the existence of Ir(CO)2 Cl 2 groups within
the chains, which is in agreement with the previous Mössbauer and magnetic
data .~ (4) The bond distances of the ligands bonded to ln( l )  and Ir(2) are shown
in FIGuRE 12. The It-CO distances indicate multiple bond character. The Jr( 1)-CO
bond which is trans to the Cl bond is 0.07 1(8) A shorter than the cis Ir-CO dis-
tance. This is consistent with a strong tran s bond and a large backbonding d~ir r s
contribution. (5) Unlike the Pt I-D materials where water molecules and counter
ions fit into holes or channels in the lattice, Ir(CO)3Cl crystallizes in a close-
packed lattice where all intermolecular contacts except for the In-In bond are at
normal van der Waals distances. This leaves no room for interstitial Cl - sites,
as can be verified by inspection of FIGURE I I .

Our recent time of flig ht mass spectral data gives an indication of the source
of the 50% Cl-CO disorder about one of the Jr atoms and the mechanism for the____ H

FIGURE I I .  A stereoview of a unit cell of lr(CO) 3 Cl viewed down the a axis. The close
packing of Ir(CO)3Cl units is easily observed.

-
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FIGURE 12. The two different 1r(CO)3 Cl units with atom labeling and bond distances.

formation and disruption of the metal chain. FIGURE 13 shows a mass spectrum
of a powdered Jr(CO)3Cl sample at a low probe temperature which has three
distinct mass areas corresponding to the material s lr(CO)3 Cl , [Ir(CO)2 C112 dimen ,
and an 1r 4(CO)12 impunity . The 1n 4(CO),2 is formed in the gas phase m C I 3 +

CO reaction and is more highly soluble in H 2O, the solvent used to slurr y the
Ir(CO)3Cl onto the probe of the mass spectrometer. The most striking result is
the apparent strength of the [Ir(CO)2 ClJ2 dimer , wh ich is bel ieved to be sim ila r
to the Rh analog,28 and the lack of hig her polymeric [Ir(CO)3 Cl)5 units. Also,
only a very low concentration of the Ir(CO)3C1 monomer is evident at this tern-
perature. These observations imply that [Ir(CO)2 Cfl2 is probably very volatile and
is formed by the destruction of the polymeric chains. FIGURE 14 shows a mass
spectrum taken over the same mass range but for a sing le-crystal sample of
Ir(CO)3Cl at a higher probe temperature . The concentration of lr 4(CO),2 in this
sample is negligible compared to the other mass fragments . Also, the concentra-
tion of the appa rent In(CO) 3Cl monomer has increased at this higher temperature .
This may either be due to monomer Ir(CO)3Cl fragments being volatilized at the
probe or to reaction of CO + [Ir(CO)2 Cl]2 dimer in the mass spectrometer. In any

I lIrCo1c4
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FIGURE 13. A mass spectrum of Ir(CO)3Cl powder sample at low probe temperature.
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FIGURE 14 . A mass spectrum of Ir(CO) 3 Cl single-crystal sample at hi gh probe tempera-
ture .

event , the [Ir(CO)2 Cl]2 dimer concentration is still very high. These results are
important in discussing the mechanism for chain formation and the probability of
a 50% Cl-CO disorder in every other lr(CO)3 Cl group.

We and others 2
~~ have pointed out that Ir(CO)3 C1 can be purified by sub-

li ming the material in a stream of CO. We have tried to sublime this material in a
stream of high-purity N 2 witho ut success; instead , a deep blue materia l resu lts
wh ich is h igh ly insol uble and which has not been characterized. A possible
mechanism for chain formation is shown in FIGURE 15. Upon heating, the weak

Cl ClO
~ 

,~O’Is °C\
s, \ ,

/

OC— Ir&——CO” ,., ,-

I ~~
‘ Cl ’ J  ‘C0

+2C0\\-2C0 -2C0~42~+2CO
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FIGURE IS. Possible mechanism for llr(CO)3cl15 chai n formation and dissociation
to the IIr(CO)2 ClJ2 dimer which is similar to the known ( Rh(CO)2 Cl12 dimer
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metal-metal bonds are assumed to be broken and the Ir(CO) 3Cl units which result
are unstable and lose one CO group; this is presumabl y a CO which is cis to CI and
thus less ti ghtly bound (see FIGURE 12). The volatile !r(CO)2 Cl which is formed is
coordination-unsaturated , hence combine in pairs to form dimeric [Ir(CO)2 Cl ) 2 .
The dimer , in turn , reacts in the presence of excess CO to reform lr(CO)3Cl mono-
mers which then recombine to form [Ir(CO)3 Cl]~ uni ts wh ich even tually form the
polymeric crystal. This mechanism also accounts in part for the observed CO-Cl
disorder. The close approach of the Ir(CO)3Cl groups in the chain polymer re-
quires , in order to reduce steric hindrance , a staggered arrangement in which each
Cl atom lies between two CO ligands in the groups directly above and below it
in the chain. Thus , assuming the observed ordering of the Ir( l )(CO)3C1 units in
the cha in , the incoming Ir(2)(CO) 3Cl groups can select either of the two equally
li kely staggered orientations. The expected result is , of course, the observed 50%
Cl-CO disorder. It is of interest to observe that a mass spectrum of Na 0 6 Ir(C O)2
Cl 2 . xH 2O (see FIGURE 16) also shows as a dominant feature the [In (CO)2 Cl]2
mass peaks.

FIGURE 16. A mass spectrum of an Na0,~~Jr(CO)2 Cl2 . xH 2O sample.

Based on the above stru ctur al and ana lyt ical evidence, we therefore conclude
that Jr(CO) 3Cl is indeed stoichiometnic and thus cannot be considered to be an-
other examp le of partially oxidized l-D materials. This finding is hi ghl y sig-
nificant in view of the considerable evidence that this material has some of the
properties of a metal or semimetal; e.g., its metallic luster , high conductivity, and
linear metal chains with very short metal-metal bonds. We are now attempting to
examine the implications of this finding, and particularly to explore further the
metallic nature of lr(CO)3Cl by means of x-ray diffuse scattering photographs , a
reexamination of Mössbauer data , and by polarized reflectance measurements that
are in progress.

An x-ray diffuse scattering photograph of Ir(CO)3Cl is shown in FIGURE 17.
The sample that was used for this experiment was the same single crystal used in
the three-dimensional x-ray analysis. The exposure time for the sample was 48
hours No diffuse superlattice lines appear for a 2k1 distortion However, diffuse
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FIGURE 17. A diffuse x-ray scattering photograph of lr(CO) 3 Cl.

lines are observed that are commensurate with the Bragg lattice at pg . a/2 and show
intensities increasing with Bragg order. There is no indication of a diffuse line
passing throug h the zero level. This type of diffuse scattering is indicative of a
linear disorder.29 An obvious linear disorder in the structure is that due to the
random (supposed) ordering of Cl and CO in columns along a due to the observed
Cl (2)-CO (4) disorder. However , the reciprocal spacing of the disordered units is
a*, whereas the diffu se pattern spacing is 2a 9 . The diffuse spacing does correlate
however with the In atom reciprocal spacing 2a*. Thus , the diffuse planes of
scattering would appear to be related to lr atom , or more probably lr(CO)3C1
group-displacements along a. If the latter is the case, it may represent slight dis-
placements of adjacent chains with respect to each other . It is interesting to con-
je cture alternatively whether the diffuse scattering is evidence for a basic instability
such as the Kohn anomaly. The lack of diffuse satellite type scattering would ap-
pear to rule out the existence of such an instability. However , if 2k1 is very small ,
which is likely in the case of a semimetal with few carriers , the expected closely
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spaced satellite pair of diffuse lines would be unresolved. We estimate that the
resolution of the diffu se camera system is sufficient to allow detection of splitting
due to 2k1 > 0.03. Thus we cannot completely rule out a Kohn anomaly, but we
apparently can rule out an oxidation state &. I .1 for In (and associated band
splitting) in Ir(CO)3Cl.

Mbssbauer data contain additional information regarding the oxidation of In
in various l-D materials and thus bear indirectly on the question of metallic
character. FIGURE 18 shows ‘97 1r Mbssbauer data 3° compiled for several In ma-
terials in a plot of oxidation state versus isomer shift (mm/sec). If Ir(CO)3C1 is
not considered at first , a linear plot results for the three materials (C6 H 5)4-
As[Ir(CO)2Cl 2], K 0~~[Ir(CO)2 CI 21 . O.5H 2O, and ((C 6H 6)4 AsJ2 [1r 2(CO)4C16J.
Making use of this relationship , the reported isomer shift of — .040 mm/sec for
Ir (CO)3Cl leads to an apparent oxidation state of 1.32 for the In , instead of the
previous values of 1.10 based on a questionable stoichiometry. The oxidation state
of 1.32 is consistent with the value of 1.30 calculated from the Ir -Ir bond distance
of 2.844(1) A. The meaning of this finding is, however, far from clear. The formal
oxidation state of In is clearly + I . Back-bonding to the CO ligands is expected and
the actual charge on the In atom may well be greater than I , wh ich woul d, of
course, be reflected in the s electron density at the nucleus and the so-called
oxidation state. This , however should not be equated with the part ial oxidation
state assumed in the chemical and band models used for the Krogmann salts .

A qualitative model consistent with some of the known properties of
Ir(CO)3Cl involves overlap of the filled 5d~2 band with the empty 6p2 bands as
is shown in the simplified M.O. diagram in FIGURE 19. If the 6p~ molecular orbitals
are decreased in energy such that the a 1, bonding orbital overlaps with the a 25
antibonding orbitals of the Sd22 band and x electrons are removed from the a,~,

I I

o (C6H514 As (Ir(C0)2 Cl~

2.0 - 
£ Ir(C0)3C111
• K0~~ (Ir(C0)2 CI2j O.8H20

• [(C~,H,)4 As~2(I r2(CO)2 CI~]
0 Ir(C0)

3 C1

~0.I0 0 -0.10
ISOMER SI~FT mm/s

: .  FIGURE IS. Oxidation state vs. isomer shift (mm/sec) 3° for several Jr materials .
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and transferred to the a 1,, then x is 0.15 e per Ir atom to account for apparent
bond number of O..,u. This electron transfer results in 2 + 2x eIec~ ons in the bond-
ing orbitals and 2 — 2x electrons in the antibonding orbitals , producing a net bond
strength of 4x electrons , and if x is equal to O.l5 e a bond is formed of bond
number 0.30. This model would classify Ir(CO)3Cl as a semimual in regard to its
I -D properties. The conductivity of Ir(CO) 3Cl measured as 0.2 Q cm - ~ does not
appear high enough to wa rr an t a metal or sem imetal descr i pt ion , but in view of the
well-known difficulty in obtaining good crystals , judgment should be suspended.
The pola rized reflectance measurements, whe n they become available , should
provide some of the crucial data for determination of the metallic nature of this
very interesting material.
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FIGURE 19. Ir(CO) 3Cl molecular orbital diagram for a semimetallic band overlap .
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During the past decade, several organic materials and inorganic coordination
complexes have been discovered that exhibit high , nearly metallic conductivity . U
The electrical, optical , and other physical properties are highly anisotrop ic, and
the compounds are frequently referred to as one-dimensional. It is particularly
intri guing that these properties are the manifestation of extended electronic inter-
actions in materials that one would naively consider to be simple molecular solids.

There are several classes of such materials, but we wi l l conside r, here, only
those derived from d8 square planar coordination complexes. The essential feature
of these compounds is that the planar complex ions stack along an axis perpen-
dicular to the coordination plane to form linear chains of metal atoms. The
electronic interactions between the metal atoms, primarily through d22 orbitals,
play a dominant role in determining the solid-state properties. Despite the intense
scrutiny of KCP (K 2 Pt(CN)4 Br03 . 3H 2 0) and related co~npounds, it is not yet
understood how this interaction , and hence the physical properties, is affected by
such parameters as the metal-metal distance, the meta l atom in the chain , or the
nature of the coordinating ligands. Such questions can be answered only by sys- - ,
tematic comparison of several different one-dimensional materials. We have there-
fore tried to synthesize a series of complexes in which some of these parameters
might be varied.

In order to generate one-dimensionally conducting crystals, severa l conditions
must be fulfllled:~

5 First, the structure must be consistent with long-range elec-
tronic delocalization. This generall y means monadic linear chains. Second, thc
intermolecular orbital interaction should be large. It is maximized by a short
metal-metal separation and large orbital extension perpendicular to the coordina-

This work was supported , in part , by the National Science Foundation, by NASA Con-
tract NAS7- l00, and by the donors of the Petroleum Research Fund , administered by the
American Chemical Society. Thu is contribution No. 5601 from the Arthur Amos Noyes
Laboratory of Chemical Physics, California Institute of Technology, Pasadena , Calif.Manuscri pt received June 13, 1977.
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tion plane. The ligands should be small and probably cylindrical , so that a
staggered configuration can further decrease ligand-ligand repulsions. Carbonyl ,
cyanide and isocyanide are obvious choices. To be sufficiently la rge, the metal
atom should be from the second or third row and in a low oxidation state. The
preferred order for d’ metal atoms woul d be Os~ > Ru ° — Ir ’ > Rh ’ —

ptII > Pd ”. Third , there must be free carriers, either holes or electrons. These
can be produced in several ways, including thermal excitation , partial oxidation ,
creating holes in a filled band , partial reduction , putting electrons in an empty
band, or by the overlapping of filled and empty bands , as in a semimetal . Only
partial oxidation has been observed in the highly conducting platinum and
iridium complexes known to date.

We report , here, some of the results of our ongoing study of tetrakis(isocya-
nide) rhodium (I) salts, [Rh(CNR)41X , R — pheny l, vinyl , ethyl, methyl , X — Cl ,
PF6, BF4,C104. These complexes satisfy the above requirements and present a less
formidable synthetic problem than Os(0) or Ru(0) complexes. The isocyanide
liga nd, in addition to being small and i-accepting, enables us to systematically
produce gross or subtle changes throug h variation of the substituent , R. Other

- - features of the isocyanide complexes that make them particularly useful for
elucidati ng the nature of the metal-metal interaction , and how it and the solid-
state properties are affected by the composition of the complex ion , will be pointed
out below .

SOLUTION BEHAVIOR

The tetrakis(isocyanid e)Rh(f) complexes were prepared by reacting (Rh (I ,5-
COD)ClJ2 with an excess of the appropriate isocyanide in acetonitrile or methanol.
In some cases, :ris(isocyanidc)haloRh(I) complexes could be obtained if the
Rh:ligand ratio was 1:3. Dilute solutions in nonpolar solvents arc yellow, and
their absorption spectra are similar to those of other square planar Rh(l) com-
plexes with i-accepting ligands. The spectra, however, do no~ follow Beer’s Law,
and concentrated solutions in polar solvents, as well as the solids, can be any
color from yellow to deep purple or black. Representative spectra for three differ-
ent concentrations of (Rh(CNPh)4 J (PF6) in acetonitrile are shown in FiGURE I .
The bands at 361, 4 11, and 468 nm which dominate the low-concentration spec-
trum are assigned to the monomeric (Rh(CNPh)4~

4 cation. As the total Rh(I)
concentration is increased, two new bands grow in , first at 568 and then at 727 nm ,
while the relative intensity of the higher energy bands decreases. Quantitative
analysis of their concentration dependence clearly demonstrates that the new
bands must be assigned to a dimeric (568) and trimeric (727 nm) species, respec-
tively.6

Because infrared spectra reveal no evidence for bridging isocyanides, the m. st
reasonable model for the dimer consists of face-to-face monomer units held
together by a metal-metal bond. The electronic spectral properties of
(Rh(CNPh)4 ]22’ may be understood in terms of the orbital interactions dia-
grammed in FIGURE 2. The a,,(d12 ) and a2~( p ,, ir* ICNPhJ) orbitals that project
perpendicular to the molecular plane will interact most strongly. The low-energy
band at 568 is then a spin-allowed transition from lb 2 to 2a 1 in the dimer. Mixing
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400 500 600 700 800 900
nm — .

FIGURE I. Electronic absor?tion spectra of (Rh(CNPh) 4J(PF6) in acctonitrilc at 2 5C
(cell path length): A , 5.7 x l0 M (0.066 mm); B, 2.7 x 10 ’  M (0.06 mm); C, 6.3 x 10~~ M(0.75 mm). (By permission of the American Chemical Society. ’)
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of the two a , and the two b2 orbitals must provide the attractive interaction that
stabilizes the dimeric structure.

This model for the structure of the dimer is supported by the crystal struc-
ture of (Rh 2(CNPh) 1J(BPh 4)2 .7 The deep-purple crystals contain discrete di-
mers, composed of planar Rh(CNPh)4~ units held face-to-face by a direct metal-
metal bond. (See FIGURE 3.) The ligands are staggered to permit a metal-metal
distance of 3.19 A. This material has an absorption band in the solid at 560 nm ,
which is nearly the same wavelength as the dimer band in solution , and suggests
that the metal-metal distance in solution is also about 3.2 A.

A similar analysis applied to the trimer leads to the assignment of the 727 nm
band to a 2a1 to 2b2 transition. As the chain gets longer, this transition will move
to lower energy. Extrapolation from the dimer and trimer frequencies using a

C1~ H P12

\ ~~ ‘-.(( ) 1~~)~~ 
‘—‘ -

‘,-J ~~~~ ~
“-

~
‘ N

FI GURE 3. Molecular structure of LRh (CNPh)4 )2(BPh 4 )2 .

simple H Uckel model places this absorption at 900 nm ( 11 ,000 cm ‘) for an infinite
chain length. This seems quite reasonable, inasmuch as the solid-state band in
Rh(CO)2 acac occurs at 526 nm (19,100 cm _ I )  and this compound has both a
longer Rh-Rh distance, 3.26 A , and a larger d~2 — (p~ 

— a ’ )  separation in

the monomeric unit.8
Reversible oligomerization seems to be a general characteristic of the rhodi-

umisocyanide complexes, applying equally to alkyl and to aromatic isocyanides.
That similar oligomerization is not observed in the case of Pt (CN)42 is presum-
ably due to the much higher electrostatic repulsion caused by the platinocyanides’
higher charge. Indeed, pt(CN)4 apparently does form a face-to-face complex with
Pt(CNCH 3)42

~ which has a new low-energy absorption at 355 nm (29,800 cm~~ ).
9
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FIGURE 4. X-ray oscillation photograph of a crystal of (P .i(CNCHCH 2)4JC104. Os-
cilla tion is about 00, parallel to the long axis of the needle-like crystal .

SoLID STATE

Many of the solids are deeply colored and exhibit properties characteristic
of linear chain compounds. Single crystals suitable for x-ray diffraction measure-
ments have been obtained only for [Rh(CNCH 2 CH 3)4JCl and [Rh-
(CNCHCH 2)4ICIO4. These are small needles, with a metallic luster , which are
strongly dichroic in plane-polarized light. They are nearly opaque when the electric
vector is parallel to the needle axis, which coincides with a unique crystallographic
di rection.

X-ray diffraction data confirm the presence of linear chains of Rh atoms.
Oscillation photographs, illustrated in FIGURE 4, show characteristic strong layer
lines corresponding to a Rh-Rh distance of 2.95 A. In the case of [Rh-
(CNCHCH 2 )4JC104, these are interspersed by two additional weak layer lines ,
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Y F IGURE 5. Unit cell of (Rh-
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TABLE I
THE LENGTH S OF THE UNIT-CELL EDGES IN ANGSTROMS FOR

RHODIUM I SOCYANIDE COMPLEXES ’
— 

Compound a0 b0 S at,/S
(Rh(CNCHCH 2)4JClO4 8.823(l) 22.843(3) 12.677(1) 3 2.94
[Rh(CNCH 2 CH 3)4)Cl 11.82(2) 22.83(4) 12.83(2) 4 2.96
(Rh(CNCH 2CH 3)4JClO4 11.77(2) 23.54(3) 12.97 (2) 4 2.94
[Rh(CNCH 2 CH 3)4 1PF6 11.81(2) 24.06(5) 13.21(2) 4 2.95

‘The crystal system is orthorhombic. S is the number of subcells stacked along 00.

whereas for [Rh(CNCHCH 2CH 3)4JCl there are three. The actual unit-cell lengths
in this direction are thus three and four times the average Rh-Rh distance, respec-
tive ly.

The structure of the vinyl compound has been partiall y solved . A schematic
of the atomic arrangement is illustrated in FIGURE 5. It has a body-centered
orthorhombic unit cell (dimensions in TABLE I) with chains of rhodium atoms
along the 100 direction , which coincides with the needle axis of the crystals. At
the present stage of refinement , all of the Rh-Rh distances are equal at 2.95 A.
The orientations of the ligands are still unknown.

Other salts did not yield suitable single crystals and were characterized by
Guinier powder-diffraction photographs. The powder patterns are nearly identical
with those of the above two complexes and it is quite certain that the compounds
have similar structures, containing Rh chains parallel to the a0 axis. The Rh-Rh
distances vary from 2.93 to 2.96 A. It is noteworthy that the Rh-Rh distance is
insensitive to changes in the ligand or counterion. This is illustrated by the data in
TABLE I, which lists unit cell parameters for several salts of [Rh(CNCH 2 CH ~~~~As the counterion is changed from C1 to Cl04 to PF6 ,  a0 (the kngth of the
stacking axis) remains constant and only b0 and c0, which corresponds to inter-
chain directions , change significantly.

Electrical conductivities, measured on powders, are reported in TABLE 2. As.
expected, [Rh 2(CNPh)5J(B?h 4)2 is an insulator. The other complex ;s show ap-

TABLE 2

EL ECTRICAL CoNDucTIvrn Es, OXIDA TION STATES AND METAL-METAL DISTANCES
OF RHODIU M ISOCYAN IDE COMPLEXES

Comp ound ~ Powder Oxidation Rh-Rh Distance
(fl ’cm~~) State (A)

[Rh 2(CNPh)5J(BPh4) 7.2 x 10~~ 1.00 3. 19
[R h(CNCH 3)4J C 1 3.3 l0~~(Rh(CNCH 3)4J BF 4 2.2 x l0 2 2.94
(Rh(CNCH 2CH 3)4J C 1 6.7 x l0~~ 2.95
(Rh(CNCH 2 CH 3)4J C lO4 5.1 x l0 ’ 1.00 2.94
(Rh(CNCH 2CH 3)4 j PF6 3.9 x l0~~ 1.25 2.95
(Rh(CNCHC H 2)4 )Cl 2.9 x l0~~ 1.01
(Rh(CNCHCH2)4JClO4 5.6 .x IO~~ . 1.04 2.94
(Rh(CNCHCH 2)4 1PF5 5.6 x l0~~ 2.96

~ 
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preciable conductivity and contain infinite chains. The room-temperature con-
ductivity of single crystals of [Rh(CNCHCH 2)4IClO4, the only compound for
which sufficiently large crystals were obtained , is 2 ohm~~cm~~. This is lower
than that of the best KCP samples, but comparable to that of partially oxidized
iridium carbonyl halides. lO

Anal ytical data suggest that many of the complexes are partially oxidized ,
although the degree of oxidation is generally small . Appa ren t oxidation states,
calcul ated from the an ion :rhodi um ratios, are given in TABLE 2. Low parti al
oxidation an d high conduct iv ity are also observed in some of the i r idi um carbonyl
halides.

250K 150K
101

RFI(CNC2H3)4 d O 4 — IO~
£
a
’

£

100 ~~~
0 £

I- 0
0 £
I’

0 £ _ _

0 _ 1 0 1

0
10~

1 - ____ 0 a

0 £

Rh(CNC 2H5)4C1 0

10 2 I 10—2
3 4 5 6 7 8

lo3IT uc ’ )

FIGURE 6. Temperature dependence of the conductivity of a single crystal of (Rh-
(CNCHC H 2 ) J ClO4 and of (Rh(CNCH 2 CH 3 ), ICI powder.

The temperature dependence of the conductivity of (Rh(CNCH 3CH 3)4JC 1
powder and of a single crystal of [Rh(CNC H CH 2)4J C 104 is shown in FIGURE 6.
The interesting curvature in or(T) at high temperatures is suggestive of an analo-
gous feature observed in the conductivity of KCP and some iridium carbonyl
halides.’°~ It is the type of behavior expected on the low-temperature side of a

- metal-insulator transition. However, the samples were heated to 330’K, where
decomposition sets in , without any indication of a metallic state. The curves in
FIGURE 6 can be fit to In ~ vs lI T, yielding apparent activation energies of .10 

-
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and .086 eV for the vinyl and ethy l compounds, respectively. They can be fit
equally well too  — a0 exp (— T0/ T)  with 7’0 — 3.2 x 104 K. This latter form is
characteristic of charge transport via a hopping process.

It is clearly impossible to say with certainty, at this stage, what the mode of
conduction is in these compounds. In light of the short metal-metal distance, low
activation energy, and apparen t partia l ox idation , it is tempting to believe that
they are one-dimensional metals in which metallic behavior has been quenched
by crystalline disorder and imperfections. One must not ignore the possibility ,
however , that at least some of the complexes may have an integral oxidation state,
in which case one may have a sma ll band gap intrinsic semiconductor or an
extrinsic semiconductor in which the conductivity is dominated by Rh(II) “im-
purities.,,

The information presented here and in the previous paper suggests that study
of rhodium isocyanide complexes may be particularl y fruitful in relating the elec-
tronic properties of the molecular unit to those of the solid linear chain com-
pound. It is the only system we are aware of in which one has access to both long
and short metal-bonded chains in both integral and fractional oxidation states. 12
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THE SOLUTION PHOTOCHEMICAL PROPERTIES OF
OLIGOMERIC IRIDIUM ISOCYANIDE COMPLEXES

Gregory L. Geoffroy, Mark 0. Bradley, and Mark E. Keeney
Department of Chemistry

The Pennsylvania State University
University Park , Pennsylvania 16802

INTRODUCTION

In 1972 an interesting report’ appeared in the chemical literature that described
the photochemical reactions of [Ir(CNCH 3)4 J4 . The complex was isolated in the
form of its chloride salt as a blue-black air-sensitive solid. In the absence of oxygen
the complex gave deep-blue solutions (A ,1 — 610 nm; a — 22,000) that were
stable for days in the dark , but rapidly turned red or orange when irradiated. It
was noted that the photoreaction in methanol solution was reversible. On the
basis of slight shifts in the NMR spectrum during photolysis , it was suggested’
that photoinduced association of solvent occurred to give a five-coordinate corn-¶ plex,( 1).

[Ir(CNCH 3)4 j~ + S .—::::: ~ IIr (CNCH 3)4 (S)1~
S - (CH 3)2 CO , CH 3 CN , CH 3 OH. (1)

In support of this proposal it was shown that aqueous solutions of (I r(CNCH 3 ) 4 J ’
did not react with CO or excess CH 3NC in the dark but did so under irradiation.
The corresponding (Ir(CNCH 3 )~ I BPh 4 and IIr(CNCH 3 )4 C0J BPh 4 add ucts
were isolated as orange solids and characterized by their NMR and infrared
spectra. The authors stated’ that this represented the first example of a true photo-
induced association reaction.

There are two puzzling aspects of this report which aroused our curiosity . The
first is the observation that the complex showed no tendency to add CNCH 3 or
CO in the dark , yet gave stable five-coordinate complexes upon photolysis. It was
highly unlikely that a large thermal activation barrier should exist for this process,
since other Ir ’ L4 complexes are known to be very susceptible to addition and
oxidative-addition. The most difficult-to-rationalize aspect of the reported study,
however, was the blue-black color of the initial complex. We know from several
previous studies2 ’  that square-planar complexes of Ir(I) which possess f-accept-
ing ligands like CH 3NC should not be blue-black but rather yellow or orange in
color. This coloration has been shown to arise from metal-to-ligand charge-
transfer transitions that lie in the visible spectral region, and a typical spectrum is
that of :rans-[ErCl(CO)(PPh3hJ, shown ~fl FIGURE I . Importantly, all the Ir ’L4
complexes examined showed a similar three-band pattern, and furthermore, the
bands showed only slight spectral shifts as the u ganda were varied.2

~

- ~ ‘Supported by the National Science Foundation. Manuscript received May 31, 1977.
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In 1973 , in a study 5 of ary lisocyanide complexes of I r (I ), [lr(CNAr) 4J ’ ,
(R — p-CH3C6H4 and p-CH3OC6H4), Kawakami ci a!. noted that these ma-
terials were dark green in color and were also light-sensitive. The photoreaction
was, however, markedly slower than that of fIr(CNCH 3)4 J~ , and these workers
found no evidence of solvated [Ir(CNAr )4 SJ4 complexes. Molecular weight mea-
surements and the electronic absorption spectra of the complexes which showed
bands with maxima at about 720 nm (a l0~) led these workers to suggest that
the complexes existed as oligomers, even in solution.5 Most important, they sug-
gested that the photochemical reaction was cleavage of the iridium-iridium inter-
action.3

It is our intention in this article to demonstrate that the suggestions of
Kawakami ci al.5 are correct. We first show that IIr(CNCH 3)4 )~ does indeed

30 2.5 2.2 JI I I

tSJ o.4 _ 
-

300 400 500
NM 

. 
-

FIGURE I . Electronic absorption spectrum of (IrCl(CO)(PPh3 )2 I in EPA (5:5:2 ethyl-
ether-isopentane-ethyl alcohol) solution at 298 (—) and 77K (~ --

exist as oligomeric IIr(CNCH 3)4 I~~ in solution, and second that the photo-
chemical reaction is not an association reaction as suggested by Bedford and
Rouschias,’ but rather is photoinduced cleavage of the solution oligomers to give
monomeric (Ir(CNCH 3)4J ’ . It is then monomeric (Ir (CNCH 3)4 J~ which reacts
with excess CNCH 3 or with CO to give the stable five-coordinate complexes.

Precedence does exist for the solution oligomerization of isocyanide complexes
of d’ metals. lad and Mason’ have provided spectral evidence for cation-anion
association in solution for (Pt(CNR)4j(Pt(CN)4j (R — CH3, C2H5, t-C4H,).
Mann and coworkers’ have studied the solution oligomerization of (Rb(CNPh)434
and have provided spectral evidence for (Rh(CNPh )4I2 2

~’ and IRh(CNPh) 4 h3 ’ .

— -
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The rhodium-isocyanide complexes are in equilibrium in solution , and the mea-
sured equilibrium constants are shown in (2).

K — 16
3IRh (CNPh)4 J~ 

d 

~ tRh(CNPh) 4 j 22
~

K — 16
+ (Rh (CNPh) 4 J4 (Rh(CNPh)4J 3

~. (2)
The rhodium system rapidly responds to any concentration perturbati on , suggest-
ing rapid kinetics for the oligornerization and deoligomerization processes.

RESULTS AND DISCUSSION

Preparation of [lr(CNCH 3)4 J Cl by the additio n of excess CNCH 3 to a
CH 2 CI 2 solution of IIrCl(l ,5-cyclooctadiene)j2 gives a dark-blue solution that
yields a blue-black solid afte r evaporation of solvent , excess CNCH 3, and 1,5- -
cyclooctadiene. We have foun d th is material to be soluble on ly in MeOH and
H 2 O, and in each case dark-blue or violet solutions were obtained. The compound
can be purified by precipitation from methanol solution , but very slow evaporation
of methanol gave in addition to the blue-black solid , an amorphous highly reflect-
ing gold-colored solid. Dissolution of the gold solid gave dark-blue solutions that
y ielded the blue-black powder upon rapid evaporation of solvent. Other salts
(BPh(, BF4~ ) were obtained by metathesis of [lr(CNCH 3)4JCl in MeOH with
NaBPh 4 or NaBF4. These latter salts were not soluble in MeOH or H 20 but dis-
solved in CH 3CN, acetone, N ,N-dimethylformamide , and di methylsul fox ide .

The electronic absorption spectrum of the blue-black material in methanol
solution is shown in FIGURE 2. It shows a maxima at 630 nm with an apparent
extinction coefficient of 16,000 for a solution 1.77 x lO~~ M in monomeric -
[Ir(CNCH 3)4 ]Cl. This compares with the value of 22 ,000 reported by Bedford
and Rouschias for their band at 610 nm. The band maximum varies between 600—
650 nm , depending on concentration and the method of sample preparation. The
intensity of the 630-nm band does not follow Beer’s law, although very dilute
solutions still appear blue and show an absorption maximum at about 610 nm.
The complex is extremely photosensitive, dilute solutions (10~~ M) turning orange
within seconds of irradiation. The color change can be induced by fluorescent
room light , sunlight , flashlight irradiation , or photolysis with A � 650 nm. The
spectral changes which obtain during irradiation are complex , but after five
minutes ’ photolysis using A � 525 nm , the dashed spectrum shown in FIGURE 2 is
obtained and no further changes are observed. This final spectrum shows bands at
490, 425, 370, and 305 nm and is exactly the type of spectrum expected for an
Ir 1L4 complex with f-accepting ligands.

If t-butylisocyanide is employed in place of CNCH 3 in the preparation , a
yellow-orange solid, rather than a blue-black material, is isolated. The infrared
spectrum of the solid is identical to that obtained by Dart ci a!.’ for a complex
formulated as [Ir(CNBu ’)4 ) PF6. The electronic absorption spectrum of the
t-butylisocyanide complex in methanol solution is virtually identical to that shown
in FIGURE 2 for irradiated [Ir(CNCH 3 ) 4J 4 , showing bands at 490, 423, 372, and
303 nm; furthermore , it is the type of spectrum shown by the other square-planar

p
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Ir(I) complexes previousl y studied .2 ’  Thus [tr(CNBu ’)4 J~ behaves exactly as
expected for a monomeric Ir ’L4 complex.

On the basis of the established tendency of rhodium(I) isocyanide complexes to
oligomerize in solution , the molecular weight measurements of Kawakami ci a!.,
the color of the blue-black EIr(CNCH 3)4JC1 material , its absorption spectrum,
which is not that expected for monomeric [Ir(CNCH 3)41 ’ , and our ability to ob-
tain reflecting gold-colored material by slow precipitation, we propose that
[lr(CNCH 3)4J ’ does not exist as monomers but rather as oligomers in both
solution and the solid state. The oligomers presumably form through stacking of
the planar Ir ’L4 units. The electronic absorption spectrum of the solution obtained
after photolysis , which is virtually identical to that of [Ir(CNBu ~) 4J F , which

I.0 -
Ui

300 400 500 600 700
X nm)

FIGURE 2. Electronic absorption spectrum of a 4.02 x io-~ M MeOH solution of
IIr(CNCH 3)41C1 before (—) and after (-.--) 5 mm irradiation with A > 525 nm.

does not oligomerize, strongly suggests that photolysis induces cleavage of the
oligomers to generate monomeric [Ir(CNCH 3)4 J~ , (3).

tIr(CNCH 3)4]1”~ 
ha ’ [Ir(CNCH 3)4 I~ . (3) 

-

We have observed, like Bedford and Rouschias ,~ that the photoreaction can be
partially reversed. Storage of the orange-irradiated solutions in the dark results -

in a return of the blue color but never to the original extent. The rate of return is
highly dependent on conditions, occurring faster the greater the orig inal complex
concentration, and faster at elevated temperatures. The system can be cycled only
through the photoinduced deoligomerization-thermal oligomerization process two
to three times before it fails to yield any more oligomers. Although we have no -

- ,~ firm experimental evidence, it is likely that the monomeric [Ir(CNCH 3) 4J 4 units
— 

-‘ react with methanol solvent adding across the CN bonds, much as has been

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. ., 
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demonstrated ’ for other isocyanide complexes. We find that the [Ir(CNCH 3 )4 J .
BPh 4 and [Ir(CNCH 3)4]BF4 salts in CH 3 CN , DMF , and DMSO solutions are -

also photosensitive, changing from dark blue to red-orange upon irradiation.
These reactions, however, are not at all reversible , and the electronic absorption
spectra of the irradiated solutions are not those of square-planar Ir 1L4 complexes
but resemble that of [Ir(CNCH 3)5 J~ , which , like Bedford and Rouschias,’ we
find can be prepared by photolysis in the presence of excess CNCH 3. It appears,
then , that photolysis in these donor solvents, and also in the presence of excess
CNCH 3, gives fir st cleavage of the oligomers and generation of monomeric
[Ir(CNCH 3)4 I ’~, which then therm ally adds CNCH 3 or solvent to give stabie
five-coordinate complexes.

In summary, we have shown that [Ir(CNCH 3)4) Cl exists as oligomeric
[Ir(CNCH 3)4 j ,~ in solu t ions and that the solutio n oligomers can be readily
cleaved by visible or uv irradiation to give monomer ic [Ir (CNCH 3) 4j ’ . It is the
monomeric form which then subsequen tly adds ligand or solvent to give five-
coord inate complexes in a thermal process si m ila r to that of other reactive Ir’L4
complexes, and not a photoinduced association reaction as originally suggested.’
All atte m pts to develop a photochrom ic system which could be repeatedly cycled
has failed.

MET HODS AND MATERIALS

Methy l isocyanide 1° and flrC l ( l ,5-cyclooctadiene)]2 1’ were prepared by pub-
lished procedures, and solven ts were purified by standard methods. All experi-
ments and mani pulations of compounds were conducted under vacuum or under a
purified N 2 atmosphere.

Prepa raiion of [Ir (CNCJI 3 )~J Cl

Excess CH 3NC was distilled into a Schlenk tube containing [lrC l(l ,5-cyclo-
octadiene)J, (0.30 g; 0.4 mmo l) in 20 ml of CH 2 CI 2, and the mi xture was sti rred
for one hour. The solvent , excess CNCH 3, and I ,5-cyclooctadiene were removed
under vacuum. The crude product was dissolved in methanol and filtered , fol lowed
by evaporation of solvent to give a blue-black solid. Other salts (BPh 4 and
BF4 )  were prepared by metathesis in methanol solution with NaBPh 4 and
NaBF4. These salts are insoluble in methanol and precipitate out of solution
during the metathesis .

General Irrad iation Procedures

Irrad iations were conducted with a 450-W Hanovia medium-pressure Hg lamp
in a quartz well equipped with a Corning Glass 3—70 cut-off filter (A � 525 nm).
The complex to be studied was placed in an evacuable quartz UV cell or a
Schlenk tube, and after degassing on a vacuum line the appropriate solvent was
distilled onto the sample. Solutions for infrared studies were transferred in an
inert-atmosphere glove box to 0.5 mm NaCl solution infra red cells. Samples for
NMR analysis were similarly prepared and sealed under vacuum. Lamp intensities
were measured by ferrioxalate actimometry . - 
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- 

Spectra! Measurements

Infrared spectra were recorded on a Perkin-Elmer 621 grating infrared spec-

- 
trometer. Electronic absorption spectra were recorded with a Cary 17 spectro-
photometer using 0.1 or 1.0 cm quartz cells.
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DIscussIoN

JOS EPH GORDON (IBM , San Jose. Calif.): There is only one band in the iridium
isocyanide spectrum at long wavelengths. Do you think that it is for a dimer , long —

chain , or do you think there is a mixture of chains in solution?
GEOFFROY: The photochemically prepared monomer has this kind of absorp-

fto~ spectrum , and if we then turn off the light and observe the oligomerization ,
what we see is a progressive growth of bands that end up as shoulders on a larger
band. We see this progression of shoulders throug hout the oligomerization process
until we-finally get to the final spectrum. Thus, it must go through a fairly high
degree of oligomerization in solution.

GEORGE C. STANLEY ( Texas A.&M.. College Station. Texas): Could you re-
generate the blue color upon thermal treatment of the yellow solvent adduct?

GEOFFROY: We observe that , but we never got the same extent of blue color as
we had originally. It usually would come back about two thirds or half. Each time
you do this you drain it away, and after two or three cycles you just cannot do it
any more.

STANLEY: If you let a fairly concentrated solution (e.g. 1 mM) of I r (CNMe)4 Cl
stand protected from air , after a few months a precipitate will form. We took this
to mean that you do have a certain equilibrium favoring the longest oligomers
which eventually will precipitate out of solution. Likewise, if you take the same
clear solution with the dark solid at the bottom and shake it up, part of it will
redissolve and go back to the lower oligomer forms, which are soluble. However,
you still have an appreciable amount of solid that will not redissolve into the
methanol.
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RATIONAL SYNTHESIS OF NEW UNIDIMENSIONAL
SOLIDS: CHEMICAL AND PHY SICAL STUDIES OF

MIXED- VALENCE POLYIODIDES*

Tobin 3. Marks
Department of Chemistry and the Materials Research Center

Northwestern University
Evanston, Illinois 60201

INTRODUCTION

There has recently been in tense interest on the part of chemists and physicists
in the solid-state properties of materials that contain strong unidimensional struc-
tural and electronic interactions .1 The reason for this interest is that such one-
dimension al and quasi-one-dimensional systems sometimes exhibit rather spec-
tacular and highly anisotrop ic electrical , magnetic , and optical prope rties.’ Several -

materials (e.g. TTF-TCNQ, (SN)~) have sti m ul ated much activity in solid-state
science .”3 New organic and coordination compounds with quasimetallic charac-
teristics have forced a constant reevaluation and improvement of both theoretical
models and experiment al expectations for cooperative phenomen a in solids.
Clearly these studies are leading to a deeper understanding of the nature and
magnitude of those fundamental factors which control electron transport in solids.
This recen t activity has also stim ul ated an exciting new fi eld of chemical science
th at concentrates contemporary synthetic expertise on the goal of tailoring new
molecules for specific (in this case solid state) properties: “m olecule engineering.” --

The pract ical outcome of these efforts m ay be an enti rely new generation of
electron ic m ater ials2’3 and possibly even hi gh-temperature superconductors.’

A number of features are generally believed ”2’5 to facilitate electron transport
in stacked organic , inorganic , and metal-organic systems such as Krogmann ’s salt
1K 2 Pt(CN)4 Bro~ . 3H2 0J, TTF-TCNQ, and others (incl uding some which do not
undergo a low-temperature transition to the semiconducting state6). In the
Hubbard terminology, ’ it is desirable to minimize U (the site electron correlation
energy) and to maximize t (the charge-transfer integral). The most reasonable
approach to these requirements is to choose for stacking, highly delocalized ,
polarizable molecules (vide Infr a). It is assumed, of course, that the stacked
moieties occupy crystallographic sites that are as similar as possible. Another
closely related , crucial feature which only recently has been widely recognized as
extremely important is mixed valency; i.e., the molecular entities which are con-
nected in series must have fractionally occupied electronic valence shells. k,l
A crucial test of solid-state theory and a challenge to chemical methodology

‘Supported by the Northwestern Material s Research Center (NSF-DMR 72-0319A06),
the U.S. Office of Naval Research (N00014—17-C.023l), and the Paint Research Institute.
The author is a Camille and Henry Drey fus Teacher-Scholar. Manuscript received May 31,
1977.

594
0077—8923/78/0313-0594 SI .75/ I5 1978, NYAS

- - - -—
— .__ F.- — ——— --- — — —



Marks: M ixed-Valence Poly iodides 595

would be to devise a ratio n al syn thesis of such “mixed valence” lattices. One
plau sible appr oach we have pur sued is to cocrysta l lize stacks of planar (to pro-
mote stacking) conjugated donor molecules , D, with a n appropr iate acceptor sys-
tem A ,

D A  ~~~4q 4 + q

D A  D A
D A  D A

-ø

D A  D A
D A  D A

D A  D A

0 donor; A — acceptor.

- which would remove a nonintegra l amount of electronic charge per 0 unit.
Ideally, the A moiety should also be polarizable and must be sufficiently compact
to be easily incor porated into the lattice of (D),, stacks. To promote “partial
oxidatio n ” of the 0 units , the A must form stable -polynuc lear anions , A ,,~ ’. Thus
in AD ,.~ each A would increase the formal oxidation state of each 0 by the
fraction + I / n .  It will be seen that this simple stragegy is impressively effective
whe n the donor un its ar~ a variety of readily accessible and chemically flexible
organic and metal-organic macrocycles and when the acceptor , A , is iodine. Be-
cause of the high stability of poly iodides such as I 3~ and I~~’ in nonpolar environ-
ments 8 (lattices composed principally of organic functional groups), and because -
their shape allows them to occupy relatively narrow channels in one-dimensional
lattices, polyiodide acceptors are favorably suited for introducing mixed valency.
In a solid of stoichiometry ~~~~ i f iodi ne is present as I3~~, then 0 has in creased its
formal oxidation state by +0.33. Furthermore, iodine-containing acceptors are readily
amenable to spectroscopic characterization. The powerful combination of resonance
Raman 9 and iodine- l 29 Mössbauer ’° spectroscopy readily identifies the firm nf
the iodine present in the lattice, i.e., 12, 1 ’, 13 ,  ~~ or a combination thereof, and
thus allows a direct and accurate estimation of the extent of electronic charge
transfer from 0 to A. ” This technique is easily applied to even noncrystalline
and severely disordered materials. Such charge-distribution information is of
great importance in refining present theories of electron transport and has never
before been acquired with such ease or for such a wide range (vide Infra) of ma-
terials.

The purpose of this article is to briefly survey some of the recent research that
has been conducted at Northwestern University on rationally synthesizing mixed-
valence materials by the strategy outlined above, and on studying the various
physicochemical properties of the resulting products. The physical basis of the
resonance Ramanf iodine- 129 MOssbauer technique of charge-distribution mea-
surement will first be discussed, then results will be reviewed in the areas of
partially oxidized metal bisdioximates and phthalocyanines .
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RESONANCE RAMAN/I- l29 M~~SSBAUER MEASUREMENT OF
CHARGE DISTRIBUTION IN MIXED VALENCE LATTICES

Resonant Raman scattering 9 provides valuable information on polyiodide
molecular and electronic ~~~~~~~~~~ As will be seen, each type of iodine-contain-
ing species gives rise to a characteristic scattering spectrum. Moreover , the in-
tensities of iodine-centered spectral features are vastly enhanced when a laser-
excitation source is brought into resonance with molecular electronic transitions .
Unlike simple infrared absorption , the resonance Raman scattering is not ob-
scured by other , frequently extraneous , normal modes of vibration. The intensity
of a Raman transition , l (e’,), averaged over all molecular orientations , is related
to the Raman scatter ing tensor , R,,,, as given in equation (I) . Here 1(v0) is the
intensity

- 21r5 
~ V 2I(s’,) — v, l(a’o) ~~ R,, (1)

3 c
of the exciting laser source (at w0), v, is the frequency of the Raman scattered -

lig ht , and c is the speed of light. Quantum mechanical descriptions of R,, have
recently been derived that take account of both Herzberg-Teller coupling and
Born-Oppenheimer nonadiabatic coupling.9”3 R~,, can be expressed as the sum of
two contributions (2), which describe

R,, - A + B  (2)
scattering arising from Franck-Condon allowed transitions involving a single ex-
cited electronic state (A), and those which derive intensity via vibronic coupling
between two or more excited electronic states (B). General expressions for the A - -

and B terms are presented in (3) and (4).

A ! ~~~ [(go I I e°)(e° I I g °) <gj I ev> <cv I gi> 
+ 

I~ 
~~-‘ 471

h e,v v~,. j — V0 + 1F f,, TMgy gj + V0 + IFtv

(3)

B -~~~~ EL
[ (gO I p ,I s O) (s O I (oH/ 8. ) o l e °)(e°I , i , I g °)< gj l s u > < s u l Q l e v > < e v l gl>
I ~~~~ 

— “o + lF,.~)(v ,,,,, — vo +

+ 
[p 4-’ 471 

4(V ,,~,j J + VO + ~~~~~~~ + ~~~ + ir ,.,) . ( ) 
-

These describe a transition from vibrational state I to J in the ground-state -

electronic level ~gI to &/). Here I e°) is the adiabatic electronic wave function
of excited electronic state e, evaluated at the equilibrium nuclear positions of the
ground electronic sta te, ~i is the dipole trans ition operator , cv> is the wave
function for the vth vibrational level of electronic state e. In the denominators
the terms v,,~ are the frequency separation between vibronic levels, and the

- u-i — — ~- r -
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I’,, are damp ing terms that describe the radiative widths of the vibronic states cv.
The term s refers to another excited electronic state (other than e), the prime on
the summation excludes terms where s — e, and (oH/8Q)0 is the vibronic coupling
operator describing the change in the electronic Hamiltonian with displacement
along normal mode Q. (oH/oQ)0 is evaluated at the ground-state nuclear coor-
dinates and transforms as normal mode Q. The second term in each of the above
expressions refers to the nonresonant regime. For A terms , onl y the totally sym-
metric normal modes of molecular vibration should be resonant-enhanced , while
for B terms only those modes which vibronically couple s and e states will exhibit
this behavior. In principal these effects can be distinguished via the excitation
profiles.

As can be readily appreciated , Equations 3 and 4 contain a wealth of informa-
tion about molecular and electronic structure. For the present discussion of
charge-distribution analysis, the emphasis will be on deriving structural informa-
tion about polyiodides from resonance Raman studies. Since Equations 3 and 4

— provide no information on empirical quantities such as force and interaction -

constants (and indeed whether useful structural deductions will be possible) it is
necessary first to investigate model systems. FIGURE IA illustrates a solution spec-
trum of 12 , and lB a solid state spectrum of a material containing isolated 13

_ I
units [(C6 H 5)4 As~ I3i”; besides the extremely intense fundamental vibrations
(205 and 114 cm — ~, respectively) characteristic overtone scattering is observed. ’5
In I~~’, only the totally symmetric vibration is seen to be appreciably enhanced.
The actual I—I stretching frequency in I 3~ ’, i.e., the average of the symmetrically
(110 cm~~) and antisymmetrically (145 cm ’)8 coupled normal modes, is
128 cm - ~. This represents a considerable lowering of the force constant from that
in 12 and illustrates an important feature of polyiodide electronic structure that is
evident in the vibrational spectroscopy and also in the metrical data: 12 acts as a
Lewis acid and the coordination to Lewis bases; e.g., I ’  decreases the I—I bond
order. The I—I distance in 12 is 2.72 A , whereas in I 3~ it is ca. 2.92 A.’ Approxi-
mate molecular orbital ~~~~~~~~~~~~~~~~~~~ on I 3~ show that the highest occupied
molecular orbital has 1—I antibonding character.

Turning now to further examp les in the solid state, it is seen tha t reson ance
Raman spectra of more complex poly iodides of known structure can also be
readily assigned. In no case to date does factor group splitting (correlation field
effects) introduce a series problem in the spectral interpretation. FIGURE IC
presents the spectrum of (C6 H 3CONH 2)2 H ’13 ,  which structurally ’7 is known
to consist of one-dimensional chains of symmetrica l (equal I—I distances) I,
units. The resonance Raman spectrum clearly shows that the compound is com-
posed of 13 ’ units . Because of strong lattice forces, the triiodide units in Cs13 are -

distorted(l— 1 — 2.83(2) and 3.03(2) A) ’4; this is readily apparent in the Raman
spectrum (FIGURE ID) where the lowered symmetry gives rise to two ~II  emis-
sions (further split by solid state effects). For the characterization of mixed valence
polyiodides it is also reasonable to inquire whether the presence of 12 and J~~’
together could be recognized by the resonance Raman technique. The answer is
affirmative. FIGURE 2 presents spectra and schematic structural diagrams for

- the model compounds (Cs~ ),(I3 ’)2 . I 2,” (phenacetin)2 H~ i3
_
~.12, I$b and - 

-

(C2 H 5)4 N~ I3 ’ . 2I2;i
~dit is clear that both ‘2 and 13 ’ are present. The dotted

-~~ --
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- WAVENUMBER (crri~)

FIGURE I: Resonance Raman spectra of A: 12 in bcnzene solution. B: (C6H 3)4As~ I 3
- - 

solid. C: (C6H5CONH2)2 fI ~l3 solid. D: CsI, aolid. In all cases a.~ — 5145 A.

- - lines in the structures indicate weak interactions on the order of 3.42—3.55 A.
- 

- 
- 

- - These cause a slight lengthening of the “2
” 1—I distances in the above three corn-

- 
- - pounth to 2.83(2), 2.748(2), and 2.735(3) A , respectively, and a roughly corn-

-

~~ ~~~ 
mensurate drop in the observed “2

” SI — i  frequencies to 171 ,187, and 183 cm ’,
~~~~~~~~~~~~~~~ respectively. Distortions in the J 3 1 units appear to give rise to a second band

~~~ ~~~~~~ in the ca. ISO cm~~ region. This band is relatively weak in relation to the ca.
110 cm 1 transition except in Cs2 1,, where the triiodide is rather severely dis-

~~~

- 
-
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torted (triiodide 1—I — 2.84(2) and 3.00(2) A).” Alt hough it is premature to
draw quantitative conclusion s, it can also be seen that the VJ_ J scattering increases
in intensity relative to the 13~ scattering as the proportion of 12 in the lattice
increases. Another significant feature of these spectra is the presence not only of
overtone bands, but also of combination bands between the various 12 and I 3~
modes. These transitions are assurance of the physical proximity of the oscillators

-

A I-I—I

I
i—I-I

I ~~~~~~~~~~~~~~~~~~~~~~~~ I I I I  I I I

B ” ~I-I”~I 
12

-1
I l l

FIGURE 2. Resonance Raman — It]
çectra of A: (Cs~)2(I3 )2 . 12 A - 

-

solid . B: (phcnacetin)2 H~~13 ‘12 —

solid . C: (C2 H5)4 N 1 3 ’  212
solid .ln all casei v 0— 51 4 5 A. - 

-

I I I I I I I I I I I

c 12
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FIGURE 3. Resonance Raman spectra of (lop) (CH 3)4 N~ 1, solid; (bottom) (trimesic
acid .H 20),0H ~~~ solid . In both cases ,

~ — 5145 A.

and rtile out the possibility that the observed spectrum arises from a mechanical
mixture of two different compounds. The electronic transitions in the solid state
of these compounds as well as most other polyiodides are rather broad.’Z’9 For the
complexes of FiGURE 2, the relative intensities of the various fundamental transi-
tions change by no greater than ca. e IO% on varying the exciting line from 4880 to
6471 A. More detailed excitation studies in progress.

When 1 ’  is symmetrically disposed between two 12 moieties, the result is the
I, ’ ion. Both bent ((CH3)4 N~”15’’)~’ and linear I(trimesic acid . H 20),0 .
H ’ I~~’J~~ forms have been identified: the resonance Raman spectra of these
two c~mpounds are shown in FIGURE 3. Stretching vibrations centered at ca.
l6O cm ’ reflect the fact that , unlike in I i ’, thel ’ in ~~~ must now distribute its
electron density between two 12 acceptors. The first-order result is that the pertur-
bation from the free ‘2 force constant is not as drastic as in Il

_ I .
Although the resonance Raman technique is obviously a powerful structural

tool, at its present stage of development it is limited with respect to quantita-
- ~~~ ~~~

i~
.

• - ~~- 
__________

-~~~~~

-
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Lively analyzing the relative amounts of various polyiodide species. Furthermore ,
it cannot detect isolated 1 ’ ions. For these reasons a complementary spectro-
scopic technique, also immune to crystallographic disorder and noncrystal linity,
has been applied to charge-density measurements in mixed valence poly iodides:
iodine- 129 Mössbauer spectroscopy . This method of recoiless nuclear gamma ray
spectroscopy ’° involves transitions between ground and excited nuclear states.
For 1-129 these have nuclear spin quantum numbers of 7/2 and 5/2 , respectively.
FIGURE 4 illustrates the maximum of 8 allowed transitions for this particular
nucleus and the appearance of a typical spectrum when iodine is in an axially

t 3

4 4  HI
~~~~~~~~ ~~III ~~~~

12

FIGURE 4. Iodine- l 29 Mössbauer (ran- 

- 

-

sitions and a stick plot of a typical spec-
trum for the nucleus in a noncubic en-
vironment . 

/
______ _____

- 

- 
Vs(scity

• - ~~~~~~~~~.
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symmetric environment. The chemica l isomer shift (6) is a hyperfine term that
reflects the s electron density at the iodine nucleus (relative to the gamma ray
source) and affects the overall velocity position of the Mössbauer spectrum. In
equation 4, Z is the atomic number , ~ the

o — ~~~~~~ Ze2 R 2 ‘
~~~

— ( I  4’,(O)absorber 2 — 4’,(O) sou rce I ) (4)
5~o R

• permitivity of a vacuum , R is the nuclear radius , and OR is the change in R on
making a transition to the excited state. The quadrupole splitting (QS) reflects the
energy differences that arise between nuclear-sp in angular momentum sta tes when
the symmetry of the electric field gradient at the nucleus descends from cubic to
axial or lower. This splitting can be related to the nuclear quadrupole coupling

• constant , e2 qQ/ Is .  FIGURE 5A (top) illustrates the 1-129 Mössbauer spectrum of
- TTF ~~~~ (TTF — tetrathiafulvalene); 2’ the lack of quadrupole splitting and

the derived chemical isomer shift are characteristic of 1 ’ . The spectrum of
Cs~~13 (FIGURE 5, bottom) is more complex, but by using computer simulation -

techniques , it is easily anal yzed. The analysis agrees well with x-ray data ’4 wh ich
indicate three kinds of iodine atoms and a long I— I bond which lends appreciable
1—1=l~~ cha racter. The advantages of 1-129 Mössbauer spectroscopy are ap-
parent from this discussion. The disadvantages include the expense of ‘SI , the high
radioactivity of the sources, and the relativel y low recoiless fractions.

PARTIALLY OXIDIZED METAL Bls(DIOxIMArE s)

Bis(dimethy lglyoximato)Ni( 11), A, was the

R~~ ,O--H~-O~

N-~~~~ 
‘

-N=C.
R~ ~ O--H--O

’ 
~R- 

A, R - CH 3:M (dmg)2

B, R — C6H5:M(dpg)2

- 

,~OHO~

~~~‘~~~N
’ N

N
.
~
J
~~~
IJ

C, M (bqd)2

earliest recognized example ofa stacked d’ metal complex~ . Early work revealed that
Ni(dpg)2 and Pd(dpg)2 could be reversibly iodinated (or brominated), as shown in
Equation 5 ‘~ The form of the 

— __________________
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M (dpg)2 + ~12 M (dpg)2 1

M — Ni , Pd (5)
iodine in these complexes was variously formulated as 12(i.e. Ni~2), 13 ’ (i.e.,
Ni ’2~33), and t~ ’ (i.e. Nit ’). Since the golden-olive colored halogenated products
were reported to be diamagnetic and to be more electrically conductive (pressed

~~~~~
v .

I~~~
•
P:~

b hI,
~~~~ ~, -i,~/4J4 0.0

• 4.0~~~

TTF’17 
s.o~~~

ki
I 6.0~~~~

I I I I I 1 I 
20.0

-20.0 -1 0,0 0 1 0.0 2 0.0
VELOCITY (mm,sec)

-32.0 -24.0 -16.0 40 0.0 6.0 6.0 24,0 320

VELOCITY (mm/sec)
FIGURE 5. Iodine-l29 MOssbauer spectra of (top) tetrathiafulvalen e ‘l o.i ; (bottom) Csl 3.

pellet measuremen ts) than the starting M(dpg)2 materials by a factor of l0~ —

l0~,~’ it was of great interest to investigate these complexes in more detail as the
first prototypes of mixed valence materials synthesized via the polyiodide strategy.
The reports by Endres et a!.,23 which demonstrated that Ni and Pd bls(bcnzo-
quinonedioximates), C, were chemically similar added further impetus to the -

- efforts.
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c~
~~~~~ ~~

FIGURE 6. Stereoscopic view down the c axis of the unit cell of Ni(dpg)21. From Refer-
ence 26.

The crystal structure of Ni(dpg)2 1 was determined by single crystal x-ray
diffraction. 26’27 The palladium analog was found to be isomorphous. The
tetragonal (P4/ncc) lattice is shown in FI GURE 6. The Ni(dpg)2 units are all
crystallographically identical and stack , staggered by 90 , at in tervals of
3.27 1(l) A. This metal-metal distance represents an appreciable decrease from that
found in unhalogenated Ni(dpg)2 , 3.547 A, but is still comparable to the Ni—Ni -

distance in unhalogenated Ni(dmg)2122 3.25 A , and considerably greater than
that in nickel metal , 2.49 A. Metrical aspects of the Ni(dpg)2 1 coordination
sphere are rather similar to those of Ni(dmg) 2 . The iodine atoms in the Ni(dpg) 2 1
structure are found in channels extending along the stacking direction and sur-
rounded by aromatic residues. This arrangement will be seen to be a common
pattern for such lattices (vide inf ra). The iodine atoms in the channels appear to be
equally spaced at 3.271 (1) A, and judg ing from the anomalously large apparent 4root-mean-square amplitudes of vibration in the c direction (0.756(1 1) A versus
0.234(4) A in the perpendicular direction) are disordered; i.e., the iodi ne atom s
can occupy a number of coordinates along c and the occupancy pattern is not
adequately described by the present space group. The large rms amplitudes do not
then represent actual thermal motion , but rather the superposition of iodine atoms
in slightl y different positions along c. This could be due to a period icity in the
one-dimensional iodine chain structure which is incommensurate with the unit
cell length (a one-dimensional superstructure 28 ) and in which different chains
may or may not be in registry, or it may simply reflect random positioning of
the iodine moieties in the channel. In optimum cases it is possible to make addi-
tional structure inferences (or to test certain models) if diffuse x-ray scattering
reflections can be located between the Bragg lines, and analyzed.28

The resonance Raman/ 1-l29 Mössbauer technique was next applied to de-
ducing the form(s) of iodine present in the M(dpg)2 1 materials. 26’27 The resonance
Raman spectrum of Ni(dpg)2 1 (FIGURE 7) clearly ru-lea out the presence of either -

free 12 or symmetrical 1~~’. Though a hig hl y and unprecedentedly distorted I~~’
moiety was at first considered as an explanation for the intense I—I stretch at —

~~~~~ •$~ i_~~~~~r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~ ~~ L~__..,.—-- - -

- - - - - - - -~~~~~~~~~ -~~~~~~---- -~~~--- - - -- -- - -
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160 cm and the weaker one at 107 cm - I ; the reason for such an unusual distor-
tion in this particular lattice is not at all clear , or physically reasonable. Further-
more, the agreement between the spectra of the model 1~ 

- compounds (FIGuRE 3) -

and that ofNi(dpg)2 1 is extremely close, arguing persuasively for the J 5~ ’ formu-
lation. In addition to the Raman results, the fully refined 1-129 Mössbauer data 27
(FIGURE 7) indicate site populations in excellent agreement with the 1:2:2 ratios
expected for 1,~~. Based on the conservative estimates, there is less than ca. 5% 12
or 1~~ present and less than ca. 5—l0% 13

_ I
. Raman and Mossbauer data for

1291 MOSSBAUER

~
t

~~~~~(\ ~~~~~~~~~~~~
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I r r , , ~ • • ‘ 1
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H.
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FIGURE 7. Iodinc- l 29 MOubauer and resonance Raman spectra (‘o — 5145 A) of
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Pd(d pg)2 1 are identical to those for Ni(d pg)2 1. Thus , this work represents the
first conclusive proof that the M(dpg) 2 1 materials are partiall y ox idi zed, mixed -
vale nce compounds and that the iodine oxidation strategy is viable. The formal
fractional oxidation state of the metal units has thus increased by Ca. +0.20
upon iodination.

In addition to the R aman and M össbauer spectral results, it has recently been
possible to grow large enough single crystals of Ni(dpg) 2 1 and Pd(d pg)2 l to
allow , for the fi rst time , both fo ur-probe dc conductivity 29 and diffuse x-ray
scattering measure ments 30 to be perfor med. We find the partiall y ox idi zed bisdi-
pheny l glyoximates to be narrow-gap semiconductors (a m.K — 10-2
ohm ’ cm ’ ); iodine oxidation enhances the conductivity by a factor of 108 !
The diffuse x- ray scatteri ng data have been collected and are presentl y being
analy zed.

The M (dpg)2 I results signaled the potential of the synthetic and spectral
techniques. It was next of interest to exp lore systems where the stacked units were
in close proximity and were m ore hi ghly conjugated , as i n the benzoquinone-
diox imates , C. The pioneering studies of Keller and his coworkers established the

- ex istence of quasi-one-dimensional materials of the stoichiometry M(bq d)105 ,
M = Ni , Pd;25 they reported the nickel comp lex to have a tetragonal (P4/mcc)
crystal stru cture with stacks of partially staggered Ni(bqd) 2 units (Ni—Ni
3.153(3) A ) and chains of iodine atoms running parallel to c.3’ An ORTEP draw-
ing of this structure , calculated from the data of En dres et al. 3 ’ is shown i n
FIGURE 8A. This basic structure is interesting ly related to that of Ni(d pg)2 1 by
the fi lling of only one~.half of the available lattice channels with iodine. The iodine
atoms were found to be disordered along the stacking axis , and the exact identity
of the iodine-containing species could not be determined. The authors proposed
the presence of 13 ’. The crystal structure of the iodine-free starting material ,
N i(b qd)2 , was found by Leichert and Weiss 32 to be monoc l inic (P2 ,/n), with
stacks of canted , Ni(bqd)2 moieties in a “herri ng bone” array. The nickel-nickel
distance is 3.856(2) A and the normals to the Ni(bqd~2 planes are at an angle of
6l.8 with respect to the Ni—Ni chain direction. From these results it appeared
that iodinat ion is accompanied by a considerable rearrangement of the crystal
structure , including a large increase in the Ni—Ni overlap. Surprisingly, the
structure of Pd(bqd) 2 was repor ted 33 to be ortho rhombic (Ibam) with stacked
Pd(bqd)2pl anes extending along c. The Pd—Pd distance was reported to be
3.202(1) A. An ORTEP drawing of this structure is shown in FIGURE 8B.

It was of interest to us to explore several new avenues of investigation in the
benzoquinonedioxime systems. These included application of the resonance
Raman/ iod ine- l29 MOssbauer method to the elucidation of the iodine identity in
M(bqd) 2 105 , fu rther structural defi ni tio n of cha nges i nd uced by iodi natio n , and
extension of physicochemical measurements. The spectroscopic results on
N i(b qd)2 103 are summarized in F IGURE 9. From the Raman and Mössbauer
data ” it is evident that the predominant , if not exclusive , iodine-containing species
is 13 ’. Thus , this material is also partiall y ox idi zed , with the degree of ox idat ion
of the Ni(bqd) 2 unit ca. +0. 17. Raman spectra of the palladium analogue are
essentiall y identical . Independent of this work , an a n alysis~~ of the diff use x-ray
scattering pattern arising fr om the iodi ne ch ai n structure in N i(bqd)2 103 reached
exactly the same conclusion as to the form of the iodine: J 3~~.

- - - -~~ •-~•—- -- -- --- _____ -~~~~~~ -~~~~~~~~~~~ -- ~~~~~~~~~~~~ ~~
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FIGURE 8. View down the c axis of the unit cells of A: Ni(bqd)2 105. B: Pd(bqd)2.
C: orthorhombic Ni(bqd)2 . From Reference 36.

In the course of studying the reactions of Ni(bqd)2 under various iodination
conditions, it was discovered3’ that small amounts of iodine promoted the crystal-

- lization of an onhorhombic (P4/mcc) modification of Ni(bqd)2 . The extraordi-
- 

. nary crystal stru . turc of this compound is presented in FIGURE 8C. The most

— 
- -~~~~ - striking feature ot the lattice geometry is the presence of large , empty channels 
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parallel to the stacking direction. It is found3’ that this Ni(bq d)2 is structurall y
similar to Ni(bqd )2 I0,~; the distortion of unit - cell parameters from tetragonal
(a — b — 15.553(4) A) to orthorhombic (a — 16.438(4), b — 14.759(3) A)
is rather small. Thus , comparison of these two structures, which differ prin-
cipally in the channel occupancy, provides meaningful insight into the spatial
reorganization that occurs upon partial oxidation. What is most surprising
is that the changes that take place need be so small in magnitude for this system
when the Ni(bqd)2 units are properly oriented. The major alteration in going

400 300 200 100 cm-’

• B - -0.06

~~~~~~~ 0.02
5—

• QI0
.

‘
~~.

.

S 
QI8

- I I I I I I I I

-20.00 -10.00 0.00 1Q00 20.00
Velocity (mm sec-I)

FIGURE 9. Resonance Raman (v0 — 5145 A)(A)  and iodine-l29 MöuL~auer (B)  spectra of
Ni(bqd)2 ~~ From Reference II .

from Ni(bqd)2 to Ni(bqd) 10,5 is in the stacking distance, which contracts from
3.180(l) to 3.153(3) A upon oxidation—a 0.027 A change. The relative orienta-
tion of the adjacent Ni(bqd)2 units in a stack is apparently not dictated in this case
by the sym metrics of the ligand molecular orbitals.33 Optimum overlap of highest
occupied and lowest unoccupied molecular orbitals in Ni(bqd)2 is expected to
require a different orientation that optimum overlap of the highest occupied

- - - molecular orbitals in Ni(bqd)3I0~ . It is seen that these factors are not structure-
- 

- 

- 
• detc~mining in the present situation.

- - -
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It was also of interest to investigate structurally the response to iodination of
the Pd(bqd)2 system. We fi nd Pd(bqd)2 to~ and Ni(bqd)2 I~~ to be isomorphous.3’
Indeed, even the diffuse scattering pattern of the palladium compound is identical
to that reported for the nickel analogue.~ The Pd—Pd separation in Pd(bqd)2 I~~is 3.184(1) A , which represents a 0.019 A contraction upon iodination. This is,
as in the Ni(bq d)2 lattice, a relatively small contraction compared to the
M (dpg)2 I system. The other major change that takes place in the Pd (bqd)2 struc-
ture upon iodination can be readil y appreciated in FIGURE 8 and is a spreading
out of the lattice in the plane perpendicular to c, to provide space for the iodine
channels. The relative orientation , i.e., angle of staggering of adjacent Pd(bqd)2
groups in a stack does not change upon oxidation.

Sufficiently large single crystals of the M (bqd)2 and M (bqd)2 10.5 materials have
now been grown to allow four-probe dc conductivity studies.3 An approximately
106 increase in electrical conductivity takes place upon partial oxidation. The
mixed-valence crystals are narrow-gap semiconductors , with room temperature
conductivities in the range l0~~ — l O_ 2 ohm -’ cm~~. These values are close
to those found for the M(dpg)2 1 compounds , which have a ca. 0.10 A greater
metal-metal separation. -

PARTIALLY OxIrnzEo PHTHALOC YANI NE MATERIALS

The high ly conjugated (in comparison to the dioximates) flat structures , the
presence of mult iple redox states, and the inherent chemica l f lexibility of phthalo-
cyanines suggested attractive donor molecules for the construction of mixed
valence lattices, with use of the iodine method. It was found37 that the oxidation
of metallophthalocyanines (M Pc) or the metal-free macrocycle (PcH2) by iodine
vapor or solutions results in an extensive new class of very highly conductive
“molecular metals,” as shown in Equation 6. The -

MPc + X/2 I 2 (MPc)(I)~ -

M — Fe, Co, Ni , Cu, Zn , Pt, H2

) =rL 
~~~~~~

—&

exact stoichiometry obtained depends on the reaction procedure and can be
systematically varied. The iodinat ion is reversible, and heating under vacuum

- 
- 

- - 
regenerates the starting phthalocyanines. That these new materials are partially

~~~, ~~~~ oxidized, mixed-valence solids is supported by resonance Ramen/iodine- l 29 spec-
- ~~~~~ troscopy. In FIGURE 10 are shown Raman spectra of typical samples. The strong

- -~~~~~ 
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fundamental and vibrational progression of I3~ are readily evident. For x ~ 3
there is no evidence of ‘2 ,  which the aforementioned model studies (r ide supra)
indicate shoul d be readily detecta ble. The 129 j  Mössbauer spectrum of NiPcl 216
is illustrated in FIGURE I l .  It is also indicative of a symmetrical 13 ’ molecule,
i.e., 6 — 1.34 and 0.27 mm/sec vs. ZnTe, and the ‘~ I e2 qQ — — 1667 and
—862 MHz. Any ‘2 present must , by these measurements , be less than l0% of the
total iodine, and any I~ is less than 5%.

Single crystals of a number of partially oxidized phthalocyanines can be grown
by temperature-gradient diffusion methods. The crystal structure of NiPc 1,.0 has

FePci 19

• 

_

400 300 200 00

Co Pc! 1 ~

k T T ~~T~ T~~T”IT
”

~~400 300 200 100

400 300 200 00 crn~
FIGURE 10. Rqonance Raman spectra of partially oxidized metal phthalocyanine ma-

terials with 5145 A excitation.
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FIGURE II. lodine-l29 Mossbauer spectrum of Ni(Pc)l 2 ,6 . From Reference 38.

been determined by x-ray diffraction and is shown in FIGURE 12.3’ The overall
packing is typical of these kinds of materials: tetragonal (P4/mcc) with stacks of
donors and chains of iodine atoms extending parallel to the c direction. The stack-
ing repeat distance for the NiPc units is 3.244(3) A, which is somewhat longer
than in the partially oxidized nickel and palladium benzoquinonedioximates . The
individual NiPc groups are staggered by 39.5 with respect to adjacent units in 4
stack. Bond distances and angles within the NiPc molecule are comparable to
those of other planar metal phthalocyanines.3 The iodine atoms of NiPcI ,0 give
rise to diffuse scattering in the diffraction photographs. Analysis of the positions
and intensities of these extra lines yields a structural model consisting of chains of
13 ’ units with I—I bond distances of 3.00(2) A and spacings of 3.72(2) A be-
tween the ~~~ units.3’ This result is in excellent accord with known poly iodide
structures.1 More importantly, it reinforces the conclusions drawn from the
Raman/Mossbauer studies that these are indeed mixed-valence materials. For
NiPcI ,,,, the D —. A charge density transfer is thus 0.33 electron per NiPc unit.

Powder-diffraction studies of other MPcI~ and PcH2 I~ compounds indicate
that all have similar crystal structures. 37’38 It seems plausible that the various
stoichiometries are related by the degree of iodine occupation of the various
channels in the lattice that run parallel to c. By eclipsing the PcNi units in the
PeNi S ,0 structure, four additional channels are created at 1/2 , 0, z and symmetry-
related positions. Complete filling of all channels would produce a tetragonal cell
of comparable dimensions and the stoichiometry NiPcI30. At this time insufficient
data are available on any of the new materials to rigorously determine whether x
varies continuously from 0 to 3 or whether mixtures of discrete phases with
fixed x or x ranges are present. Preliminary iron-57 MOssbauer studies on the
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FIGURE 12. View down the c axis of the unit cell of NiPcl 10 . From Reference 38.

FePc1~ series40 indicate that in this case x does not vary continuously, but that
several FePcI~ species exist. The distribution of phases ii a function of the stoichi-
ometry and the preparative methodology (including the solvent). XPS (x-ray
photoelectron spectroscopy) studies4’ of NiPcI~ and PtPcI , materials (x < 3)
have been conducted at low temperature with careful monitoring of the I 3d 5/2
signal (to insure no 12 was being lost from the surface) and in several instances
with ion-sputter cleaning of the surface. In all cases only a singk kind of nickel
or platinum ion could be distinguished.4’ ¶

The electron-transport properties of the new phthalocyanine materials were
initially investigated with pressed pellets by four-probe conductivity techniques.37

Remarkably, it is found that iodine oxidation causes a l0~— l 0’° increase in the
electrical conductivity. Representative plots of conductivity as a function of tern-

- perature are illustrated in FIGURE 13. It is seen that the best MPcI~ conductors
are comparable to (quinolinium)(TCNQ) 2 pressed pellets in electron-trans-
port characteristics (TCNQ — 7,7,8,8-tetracyanoquinodimethane).37 Generally,
pressed-pellet specimens are found to be Ca. 102 less conductive than single-crysta l
values in these types of materials. The room-temperature electrical conductivity
of NiPcI ,0 crystals, in the stacking (c) direction, is Ca. 200—650 ohm ’ cm~~and increases on lowering the temperature to lOO K.42 Further evidence for the
quasimetallic electronic structure of the PcNiI~ derivatives is provided by magnetic

• — ~~~~~~- 
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susceptibility studies. Faraday balance measurements from l00—298’K show
weak, temperature-independent paramagnetism.37 The fact that the PcH 2 I corn-
pounds have conductivities comparable to the partially oxidized metallophthalo-
cyanines strongly implies that electron transport takes place largely through the
highly conjugated ligand T electron clouds, rather than through metal-metal
overlap. The new partially oxidized phthalocyanine materials are unique for two
important reasons. First, they possess a great chemical flexibility in terms of metal
and ligand which offers the opportunity to “fine tune” solid state properties.
Second, unlike the starting materials for other highly conductive molecular
solids, phthalocyanines are today produced on a millions of pounds per year scale

- 

by the pigment industry and are thus extremely inexpensive. -
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FIGURE 13. Electrical conductivity as a function of temperature for pressed-pellet samples
of va rious partially oxidized metal phthalocyanines, MPcl~. Powder (—) and single
crystal ( ) data for (quinolinium)(TCNQ)2 are also presented. (From Reference 37.)
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CoNcLusioNs AND PROSPECTS

It is apparent that the iodine-oxidation procedure has considerable efficacy in
the construction of quasi-one-dimensional mixed-valence lattices. It should also be
obvious that the scope of this procedure, as of most chemical syntheses, has cer-
tain bounds, dictated by the intrinsic molecular properties of the reactants. For
example, we27 (and others23’) have found that Pt(dpg)2 is oxidized to Pt(dpg)212;
also, perchlorophthalocyanines cannot be oxidized under normal conditions.3’
Despite these limitations, the variety of new and unusual partially oxidized com-
pounds already produced by this method suggests a broad scope, and that con-
siderable refin ement in the design and synthesis of hig hly conductive unidimer-
sional materials is possible. The other major advantage of using iodi ne as an
acceptor lies in the applicability of resonance Raman and iodine-l29 Mossbauer
spectroscopy to lattice charge distribution measurement. It is hoped that the
coupling of these as well as other physical measurements with the new solid-state
chemistry will lead to deeper insights into those factors which stabilize quasi-
metallic crystals and which promote electron conduction.
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DIscuSsIo N

JEROME PER [STE IN (Eastman Kodak. Rochester. N. Y.): Have you tried to make
these m ixed-valence phthalocyanin e materia ls with Br 2 or Cl2?

MARKS Yes, bromine and lBr work. We have looked at a lot of Raman spectra.
When you use the mix ed halogens the Raman spectra scem to indicate we have got
almost every conceivable polyhalide present. The trouble with bromine is that it goes
in more easily, but it also comes out more easily. A lot of complexes lose bromine on
standing.

PERLST EIN: Is there a possibility that transport may oceur along an iodine chain?
MARKS: We have looked at several poly iodine complexes. The perylene complex

is partia lly oxidized . But there are classical compounds that have chains of 13 ,  12,
13 alternating, and they are narrow-gap semiconductors. In fact , iodine itsel f
is a semiconductor. But we do not see the high conductivity that we see in the
phihalocyanine complexes.

JOEL S. MILLER: We tried to oxidize the Ni(dpg)2 with thiocyanogen, which
is intermediate in oxidation potential between bromine and iodine and did
not form a complex. But other people have formed thiocyanogen complexes of
TTF, and the conductivity is comparable to that of the iodide complexes of TTF.
This suggests that the conductivity is along the cation chain.

LEONARD INTERRANTE: Your choice of metal and halogen oxidation states im-
plictly assume that the electron comes from the metal. Could these be metal-
stabil ized cation radicals (i.e., ligand oxidation)?

BRIAN HOFFMAN: All the evidence on the basis of the EPR is that it is indeed a ‘

cation radical. I think the metal is altering the properties of ligand in some senre,
just as a substituent might do.
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INTRODUCTION

This paper deals with special synthetic efforts in the field of linear-chain transi-
tion metal complexes. The recent chemical and physical investigations into these
materials (a full account of the pertinent references as well as a synopsis of the
historical background is included in Dr. J. S. Miller ’s pap er in this volume) make
clear that there is a great need for new materials which could be prepared in a more
systematic way. This is especially true of investigations related to the model corn-
pound of a high-temperature superconductor proposed by W. A. Little 1 and
Gutfreund and Little.2 The primary proposal 1 of a one-dimensional excitonic
superconducto r was surely one of the grea test contributors to the explosive de-
velopment of linear-chain chemistry. Very recently a complicated platinum corn-
plex was used as a model compound.

For a chemist interv~sted in transition metal chemistry this l’*tter proposal
raises the question of whether such complicated structures are stable at all and if
so, whether they could be prepared in a systematic way. We are engaged in finding
an answer to this question as far as the chemical problems are concerned. This
seems reasonable not only in the hope of finding new highly conducting materials.
The elaboration of synthetic routes for the preparation of a Little model com-
p ound would additionally lead to more general rules for the preparation of distinct
linear -chain matrices. On this basis practically any other tailor-made linear-chain
compound with strong intermolecular interactions could be synthesized in a
directed way. Apart from any connection to an excitonic superconductor the syn-
thesis of new one-dimensional, crystallizable materials and investigations of their
physical and chemical prop erties are of rather general importance. Some of them
(if intermolecular interactions are strong) behave very like crystallized linear
polymers (lr(CO)3CL, e.g.) and therefore merit interest in many respects (topo-
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chemical reactions on linear matrices , bindi ng of chem ical species, anisot ropic
ph ysical properties .

SELECTION OF MATERIALS

The Little Model ràquires a conducting spine and polari zable ligan ds closely
attached to it. One possible way to build up such a system is—as proposed by
Gutfreund and Little2—to use the ability of some planar transition metal com-
plexes to crystallize in columnar stacks. It is a well-known fact that certain planar
transition metal complex molecules are “pancaked” one on top of the other upon
crysta llizat ion in such a way that linear metal chains result . Kn own for a long ti me
are some “classical” examples like the tetracyanop latinates(l I),3 tetrachio ro-
platinate(I I),~ and bis(2,3-butanedionedioximato)nickel(II) .5

Following the Little concept one has to find other appropriate planar species
that crystallize in stacks, and one has to check whether these stacks contain
strong ly interacting metal ions. A huge amount of planar molecules has been de-
scribed in the literature and one has to answer the question which of them might
be best suited for the mentioned purpose.

Omitting planar complexes with those ligands which “force” the metal ions—
without regard to their “electronic ability ”—in a planar geometry (phthalo-
cyanine, porphyrins, and other tetra-aza-macrocycles, etc.), and omitting some
rather exotic examples like iris(triphenylphosphin)-palladium(O) and -plati-
num(O)or the iris(bis(trimethylsilyl)amidj metal(III) compounds as well as the few
planar main-group compounds like (ICI 4 J and XeF4, planar species are found
only in the chemistry of the fourcoordinate d7, d8, and d9 transition metal ions.

There are on ly a few planar d7 compounds and , moreover, only some excep-
tional cases which crystallize in columns and which would fit into this program , at
least theoretically. These are some d7 cobalt(II) species such as the N 4S4 derivative
Co(N 2 S2)2 C4 H 9 N0, which could be obtained by the reaction of bis(S-amino-di-
thion itrito)coba lt(lI) with ammonia , formaldehyde, and methanol6 or some of the
oxygen carriers ;uch as N ,N’-ethylene bis(salicylidenean,inato)-cobalt(ID, but
none of them stacks with directly interacting metal ions.7 Other d7 ions (Rh( 1l) and
Ir (IJ), e.g.) do not form planar species under reasonable experimental conditions.
The experimental fact that there are only a few planar d7 species is surely con-
nected with the Lewis acidity of planar four-coordinate complexes with less than
8 d electrons. All of them tend to add axial donor ligands. But the possibility of
stacking disappears for these five- or six-coordinate species.

The d9 ion copper(II) forms numerous planar complexes, but the few that have
been found to crystallize in stacks with directly interacting metal ions show only
minor intermolecular interactions. They behave like antiferromagnetic isolators.

The most extensive chemistry of planar fourcoordinate complexes is connected
with the 48 metal ions rhodium( fl, iridium(I), nickel(H), pa lladium(II), plati-
num(II ), and gold(III). Numerous compounds of these ions are obtained in
columnar stacks upon crystallization, and appreciable intermolecular interactions
occur along the chains in many of these solids.9 Very strong interactions are found
in those chains which contain comp lex molecules with small ligands such as CN
or CO. Whether strong interactions could be retained after introducing huge ,
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highly polarizable dye molecules is certainly one of the main questions connected
with the realization of the Little-Gutfreund model. In order to answer this ques-
tion one has to investigate the change of solid-state properties by using more and
more bulky ligands. In following up such a complicated matter it seems reasonable
to start with well-known and thoroughl y investigated species and add disti nct
features of the model step by step.

We therefore started the project by looking for appropriate p lanar dt com-
pounds which contain highly versatile and more or less bulky ligands and which ,
additionally, have been shown to contain linear metal chains.

STACKS OF PLANAR d5 TRANSITION METAL COMPLEXES
WITH VERSATILE LIGANDS

Of the many groups of linear-chain 48 transition metal complexes which have
been proved to contain directly interacting metal ions, only a few actually contain
versatile organ ic ligands. These are mainly the dicarbonyche latoir idium(I) and

- rhodium (I) compounds,’° the tetrakis( isonitri le)-iridium(I) and rhodium(I)
cations~~

2 and the bis(a ,a-dionedioximato)metal(’L) compounds of the d8 ions
nickel(II), palladium(II), and p latinum(H). ’3 A few other species such as the
a-modification of bis(N-methy lsalicy laldiminato)-nicke l(I 1), 14 the bis(pyridine-2-
meth y lcarboxaldoximinato)-p latinum(II) ’5 and N , N ‘-et hy lenebis( 1, 1, 1-trifluoro-
acetyl-acetoneiminato)nickel(1I) ’6 have been shown to contain directl y interacting
linear metal ion chains, but nothing is known about the changes in solid-state
properties if the central metal or the ligands are varied over a wide range. We
therefore decided to select one of the former three groups of complexes for our
investigation. The results described here are related to the bis(a,fi-dionedioxi-
mato)metal(JI) compounds only.

The reasons for using this type of complex are additionally their chemical sta-
bilit y , versatility, possibility of oxidation without destroying the ligand , and
finally, the fact that all of these materials prepared and investigated so far have
been shown to crystallize in columnar stacks either with direct metal-metal inter-
actions or in a modification in which the ions interact via neighboring ligand
atoms)7

BIS( a ,~~-DI ONE DI OXIMATO)M E TAL(II) AND
BIS(a ,~~-DtO NED1OX 1MAT O)- M ETAL(II , IV) COMPLEX ES

R ecent structural and chemical data on bis(a ,$-dionedioximato)-metal com-
plexes of the ions Ni2~, Pd2~, and Pt 2’ are summarized in TABLE I. Not included
are most of the compounds investigated thoroughly by Banks and Barnum 30 and
discussed by Thomas and Underhill.’7 All of the bis(a,fl-dioximato) compounds
investigated so far crystallize in columns. “M-M” modification designates such
stacks in which the M-M distance is the shortest intermolecular distance (FIGURE
1 a). “M-L-M” form means that the closest intermolecular contact occurs between
the central metal ion of one molecule and a ligand atom of a neighboring species
(FI GURE 1 b).
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In discussing these results , one has to remember one of the basic points of this
type of investigation. Whether a certain complex crystallizes in columnar stacks
with strong intermolecular intera ctions or not cannot be controlled by the crystal-

• growing process. Generally , cer tain molecules inevitably do stack , others do not,
whatever the crystallization conditions arc. This means that one has to adjust cer-
tain mo!ecu!ar parameters in such a way that the molecules tend to stack or , in
other words , one has to introduce an “instruction for stackin g” chemically by
building appropriate mo!ecules.

The investigations on the bis(a,$-dionedioximato)metal complexes have

I
Z~~~~

M
~~~~~ 7• 

/ ~~~~~—~7

_  

I

i

z~~~ci7

a
b

Fiouse I. Schematic presentation of “M-M” stacks (Ia) and “M-L-M” stacks (Ib) of
square planar transition metal complexes.

shown that this “instruction for stackin g” is incorporated to the best in molecules
which have the highest ability for metal-meta l bonding. Appreciable metal-metal
bonds are a prerequisite to stabilize the “M- M” type of structure .

One evidence for this comes from a comparison between the physical data, e.g.
the densities , of those complexes which are able to crystallize in two modifications.
This hints to the fact that the M-M modifications in all cases investigated so far
have the lower density compared to the M-L-M forms. This is valid for other urn-
liar compounds too.41 This means that the directly interacti ng M-M forms are less
densely packed than other possible modifications. Only i.f metal-metal bond ener-

— gics in the less dense M-M phases counterbalance the favorable packing in the
M-L-M or sImIlar phases the crystallizatIon results in the desired directly interact-
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ing linear-chain system. A systematic synthesis of solids with strongly interacting
- -~~ planar transition metal compounds—as demanded in the Little model—starts,

therefore, with the search for molecules with a high ability for metal-metal bond-
ing. Possibly this problem can be solved by investigating the dependence between
certain molecular parameters, like size and oxidation state of the central metal ion ,
type of ligand , and so on, and the ability of the complex molecule to form metal-
metal bonds.

On the basis of the structural investigation into bis(a,$-dionedioximato)mctal
compounds and on the assumption that the metal-metal distances in comparable
chains reflect the strength of the metal-metal interactions between molecules, the
following relations hold for this special class of compounds:

1. In complexes with one and the same ligand, the interactions increase if the
3-d metal ion nickel(II) is substituted by the 4-d or 5-d ions palladium(II)
and platinum(II).

2. The metal-metal interactions increase with increasing “electron-withdraw-
ing” capability of the ligands.

3. A decrease in interactions along the spine is observed if bulky ligands are
used. This result is rather trivial , since everyone expects such a relation.

4. A considerable increase in metal interactions occurs upon partial oxidation
of the compounds. (Decreasing repulsion between nonbonding electrons
along the chain?). -

This summary merits a few comments.

To l :

This finding means that platinum complexes (or in the neighboring group the
iridium species) are better suited if strongly interacting metal chains are
needed. This is actually valid for all other classes of linear chain transition
metal complexes and is certainly the reason that the Little model compound
contains platinum.

To 2:

The data in TABLE I show without any doubt that substituents such as Cl, CN,
etc., help to increase the interactions along the spine. In the chemistry of
bls(dioximato)metal complexes adding electron withdrawing groups has, on
the other hand , severe consequences on the stability of the compounds. If the
oxime protons are too much acidified by the electron withdrawing groups, the
complexes are not stable any more. (Dicyanoglyoximato compounds could
not be prepared so far). Additionally, most dyes—which are needed in the
Little model—are not electron withdrawing. Although this is a very effective
method of increasing metal interactions, it is not of too much importance with
respect to excitonic systems.

To 4:

Most efficient in increasing metal interactions is the partial oxidation of the
compounds. As has been shown , this can be achieved by reaction of some

- ..
~

- 
- 

bdS(dioximato)metal(II) species with molecular iodine. In some cases the
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M-L-M form is converted into a M-M modification upon oxidation. This
might be a consequence of pure packing advantages, since similar structural
changes are observed in the h F  and ITT iodides too.42 Triiodide ions are
incorporated into the lattice43 and the formal oxidation state of the metal de-
pends on the iodide content of the lattice.

For the bis(diphenylglyoximato)nickel(Il, lV)32 [Ni(DPGH2)17] and for the
bis(glyoximato)palladium(lI, IV)25 the lattices of which contain only crystograph-
ically identical channels, the obtained compounds have M : I ratios around 1.0.31 If
the lattice contains channels of different size as in the bis (l ,2-benzoquinonedioxi -
mato)nicke l(II , IV) and pa llad ium(II , IV) 39 species, at least two phases, one with
M : I — 1.0 and another with M : I 0.5 , can be obtained. This gives a formal
oxidation number of 2.16 for the central metal in the latter solid, the structure of
which is shown in FIGURE 2. Smaller differences in the degree of p artial oxidation
seem to have only minor or no effects on the M-M iiteractions in the corn-
pounds of this type.

In the case of the platinum compounds which should be best suited for inter-
molecular interactions, this method of partial oxidation does not work. The treat-
ment of b is(dioximato)-platinum(IJ) species with iodine leads to oxidative
addition products with halide in the axial positions. But these halides can be re-
moved by reaction with AgClO4 in nonpolar solvents . In the case of the bis(di-
phenylglyoximato)ptatinum(fl), the reaction with molecular iodine proceeds at
40°C in dichioromethane to give diiodobis(diphenylglyoximato)platinum(l V).
Reaction of this compound with AgClO4 in benzene at 80°C results in the forma-
tion of a dark, reddish-brown solid with stoichiometry (DPG)2 PtCIO4.

Bis(dipheny lglyoximato)p lat inum(I I) perchlorate crystallizes in the tetragonal

_ _ _ _ _ _ _  

aiX ~aD~ ax XOD
—

~~~~~~~~~~~~~ ~~ 
- ccx XcD~f Dx X~D

~ ~c ~ ~ cxc xiJ~crx~ xo
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- FIGURE 2. Structure of bts(l,2-benzoquinon edioximato)-nicke l(lI ,lV) iodide projected
-
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along the c-axis (a) and along the b-axis (b).
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- 

/

*

/
- FIGURE 3. Structure of complex stacks in (DPG)2 PtCIO4 projected along the c-axis.

space group P4/ncc-D458 with unit-cell parameters a — b — 20.325(6) A and
c — 6.518(5)A.

The structure of the .ompound resembles very much the structure of the t n -
- 

iodide nickel(II ,IV) and palladium(II,IV) derivatives,32 with the exception that
- tetrahedral Cl04 ions are incorporated into the lattice instead of the linear tn-

iodides (FIGURE 3). This leads to the formal oxidation state of 3.0 for the platinum
- and to a formally half-filled d72-band. As would be expected, the lin ear chain for

this oxidation state is considerably distorted, giving a kind of dimerization along
the chains.

ENERGY LEVEL DIAGRA M: A “WoRKING ” MODEL

If one needs a qualitative physical explanation for these findings, one could - 
-

argue as follows.
The interactions along the chains are brought about mainly by overlap between

mete! orbi tals but with the ligands contributing minor effects. Well suited for the
“linear” overlap are the n d,2, the (n + l)p , and (n + l)s orbitals. This means
that , in a first approximation , a metallic state might arise if one of the bands made

~~ - 
- up of these orbitals is only partially filled .
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FIGURE 4. Schematic energy level diagram for a d1 transition metal ion in: a) octahedral
ligand field , b) tetragonal field (square planar complex), and c) stacks of strongly interacting
metal ions.

One way to fulfill this condition is to start with planar transition metal complex
molecules with unpaired electrons in one of the nd,2, (a + I )p , or (a + 1)s

~~ orbitals. But as mentioned above, these types are rather exCeptional cases in the
- ~~ chemistry of planar transition metal compounds.
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Nevertheless, partially filled bands, which are a basic prerequisite for a con-
ducting spine, could result if the other energetically available metal orbitals are
taken into account. The energetic gradation of the metal orbitals in an octahedral
and tetragonal (square planar) ligand field is depicted in FIGURES 4a and 4b.

In an isolated planar four-coordinate compound the d12 orbital is probably the
lowest one, but its energy is raised by the introduction of “axial” ligands which
are actually the metal ions of the neighboring molecules in the stack. The crystal
field picture of a metal ion in a stack should therefore be somewhere between the
situations shown in FIGURES 4a and 4b. If the electronic exchange interactions
along the spine are “turned on ,” bands result that are shown in FIGURE 4c for the
square planar crystal field. A qualitative impression of the bandwidths is given in
FIGURE 4c, too. It indicates which of the above mentioned metal orbitals are re-
garded as best suited for overlap. Without discussing the energy level diagram in a
more quantitative way, at least one simple conclusion is evident.

Overlap of one of the broad d,2, (n + l)p : or (n + l)s bands with one of
the other narrow bands is almost inevitable if interactions are strong and the
crystal field situation Of the single ion is “somewhere between octahedral and
square planar. ” I n fact, it is difficult to draw a “nonoverlapping situation” (as in
FIGURE 4c) if the tetragonal crystal field splittings are small. In the case of stacks
with short metal-metal distances one has therefore to expect overlap between filled
and empty bands. This , in any case, leads to a partially filled band and , if this is
broad, gives possibly metallic conductivity even in compounds with even electron

• nwnbers. -

On the basis of the simple scheme depicted in FIGURE 4 and the fact that all
complexes discussed here and most other complexes with columnar structures con-
tai n d’ central metal ions overlapping partially filled bands could be (and have
been) explained by different authors with different models. Two possibilities are
mentioned here.

1. If the metal ions in the stacks are sitting in a more or less octahedral field
(exerted by the four “equatorial” ligand donor atoms and the two axially
arranged neighboring metal ions in the stack), then the d12 and d~2_,,2
orbitals for the individual molecules are almost degenerate. Since the d’
system has a filled d,2 but an empty d~2_,,2 band, a broad partially d,2
band results if the d,2 — d~2...,2 energy difference is less than half the d~2
bandwidth. Even in the case of a very sharp d~2_,,2 band, as depicted in
FIGuRE S (drawn with an arbitrary but small d,2 — d~2 _,,2 energy differ-

d 2 _ 1 2 _ _ _ _ _ _ _

d22
FIGURE 5. Schematic presentation of

~~~~~~~~~~~~~~~~~~~~~~~~~ dxy
— ,,,, ,,,

~~
,,, ,,,,,
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ence and omitting the s andp orbitals for simplicity), a pa rtia l ly filled broad
d2 2 band could result.

2. If the energy of one of the energetically hi gher bands involved ((n + l )Pz or
(n + l )s) is lowered by the inte raction along the spine, or if their width is in-
creased above the crystal field energy differences in the individual molecules,
agai n ba n d overla p occurs.

The latter model is more often used to explain the solid-state properties of
linear chain dt complexes. Bu t one has to take in to consideration th at both m odels
discussed here are very much simplified. The important orbitals involved (like the
d~ 2_,2, d~2 or (n + l )p,) are actually not simp le metal AO’s but complicated
admixtures between metal and ligand orbitals. Which one of the above models is in
fact used to explain the collective properties is therefore more a question of taste,
in our opinion. This type of argument is nevertheless very helpful for a preparative
chemist because it predicts that in strongly interacting li near chai n “even-electron”
systems, overlapping partially filled bands should be quite common , and if the
Peierls instability could be suppressed, a 1-d metallic state could occur. This ic-
duces the complexity of the Little model , which demands linear-chain “mi xed
valence” solids , orig inall y. The sensitivity of some of these systems to oxidation
would otherwise introduce severe problems.

CONCLUSIONS -

The results suggest that the collective electron properties of d5 linear-chain
solids can be changed systematically over a wide range approaching almost a l-d
metallic state by “adjusting ” the M-M distances “chemically.” Other examples for
this statement are found in the tetracyanoplatinates .TM Whether this is explained
by overlap of the filled d~2 with the empty d~2_,,2 or with a broadening, ener-getic decrease and, finally, overlap of the (n + l),,1 band ioes not matter too much 

- 

-

for a chemist. He has to look for strongly interacting molecules, since botn effects,
“the crystal field effect ” and the “broadeni ng effect,” are brought about by strong
metal-metal interactions along the chain.

The tetracyanoplatinates have the disadvantage that the parameters which
govern the occurrence of long or short M-M distance along the chains are not
known at all. But most important in the search for new I -d conducting spines is
the problem to find the relevant molecular parameters that govern the ability of a
certain planar metal complex to form linear chains with short metal-metal dis-
tances. The class of compounds discussed here is especially well suited to the in-
vestigation of this relation . A wide range of metal-metal distances can be obtained
by con trolling the ligands chemically . -

But in following the concept of strongly electron withdrawing ligands and/or
oxidation to promote stronger M-M-interactions, the lowest metal-metal distance
obtained in these complexes is only 3.15 A. Because of this result these materials
seem not to be well suited as models for an excitonic superconductor, since other
physical data suggest that an upper M-M limit for l-d metallic behavior of metal
chains seems to be somewhere around 2.9 A.

-
- - - r-
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L ,2-BENZOQUINONEDIOXIME (bqdH) AS A VERSATILE
LIGAND SYSTEM FOR THE SYNTHESIS OF

NEW ONE-DIMENSIONAL COMPOUNDS*

Michel M~gnamisi-Bétombé

Department of Physics
Stanford University

Stanford, California 94305

INTRODUCTION

It has been found that transition metal compounds , which preferentiall y
crystallize in a stacking structure, almost exclusively involve d8 metal ions.’ These
ions are coordinated to the ligands in such a way that square planar complex
molecules are formed which then stack face-to-face in pa rallel column s, linking
the metal ions in extended linear chains throughou t the crystal lattice. This

- 

- 
structural arrangement imposes the requirement that the ligand be sufficiently
small and/or flat in order to minimize steric hindrance between neighbori ng

• molecules within a columnar stack.
In 1969 Krogmann first demonstrated experimentall y the evidence for one-

dimensional metallic behavior in stacked square plana r com plexes based on
platinum with nonintegral oxidation numbers. 2 This discovery has catalyzed a
widespread scientific interest among solid-state researchers throughout the world.
Despite the multiple efforts devoted since then, however, the success in the syn~
thesis of new Krogmann analogs has remained extremely meager , obviously,
because of the small number of metal ions and , most importantly, due to the
extremely limited choices of ligand systems that may favor the columnar structure
in the solid. In other words, the selection of an appropriate ligand system to be
combined with d5 ions appears to const i tu te the key step toward a successfu l
synthesis of linear meta l-cnuin compounds.

During the past few years our research efforts have been mainl y directed
toward the design , synthesis, and study of new Krogmann-type compounds. 3’4
Thus, the synthetic work was based essentially on the divalent d5 meta l ions

— 
Ni 2

~”, Pd2 ’ , and Pt 2” ; the electrophilic aromatic molecule l ,2-benzoquinonedi-
oxime (bqdH) was selected as a ligand system outstandingly suited to preferen-
tially favor the stacking structure in the solid. Moreover , bqdH appears to be a
very flexible molecule that may be easily converted into a highly polarizabl e dye-
like system by proper chemical substitutions , th us justifying the hope that this
ligand system might open a new route for the synthesis of an excitonic high-
temperature superconductor in accord with the model of Little.S~

St
~ The purpose

of this contribution is first to emphasize the intrinsic value of bqdH as a versatile
ligand system for the synthesis of one-dimensional compounds. Second, we wish

PartIy supported by National Science Fou ndation grant DM R-74-00427-A03 and by
Deutsche Forschungsgcmeinschaft through Prof. H. 3. Keller (contract Ke 135.16). Manu-
script received June 13, 1977.
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to underline the exceptional chem ical fle x ibility of this ligand system by su m-
ma rizing all the various new one-dimensional complexes based on it that we have
been able to isolate , al ong with a general discussion of som e of the m ost relevant
experimental results that have been obtained so far.

EXPERIMENTS

Synthesis of the Ligands

The benzoquinonedioxime li gands , as summarized in TABLES I and 2, were
prepared from the corresponding commercially available o-nitroanilines: oxida-
tion of the o-nitroanilines to the benzofuroxans with basic NaOCl6a6b followed by
reduction with aqueous NaHS , according to the method described by E. C. Ladd
and W. P. ter Horst,7a.lt~ afforded the benzoquinonedioximes in high yield. Ele-
mental analysis , ir and ‘H-nmr spectra were used to verify the identity of the
benzofuroxans and to ascertain the purity of the benzoquinonedioximes.

Synthesis of the Complexes (TABLE 3)

Preparation of Ni(bqd)2 .3’8

A solution of 2.26 g of bqdH dissolved in 300 m l warm aqueous alcohol was
fi ltered and heated to refiux. A solution of 3.50 g N1CI2 .6H 20 in 50 ml water was
added slowly, wit h carefu l stirring. The color of the mixture deepened immedi-
ately, and a dark-brown solid precipitated; when the addition was com plete, the
acidic mixture was neutralized with dilute ammonia. Stirring was con ti n ued for
another hour to ensure completeness of the reaction. Most of the solvent was
removed by evaporation. The mixture was allowed to stand overni ght , and the
precipitate was fi ltered, washed with cold water u n til the wash ings were neu t ral ,

TABLE I
I ,2-BENZOQU INONEDIOX IME (BQDH; SEE FIGURE I) AND ITS DERIVATIVES

Molecular Substitu ent at position Melting
formula 3 4 5 6 point CC) Color Ref.

C6H 6N 202 — — — — 144-0.5 yellow 7
(bqd H)

C7H 5N 202 — CH 3 — — 128—30 bright- 3
(MebqdH) yellow

C7 H 5N 203 — CH 3O — — 161-3 .5 yellow 3
(MeobqdH)

C6 H 5N 202 C1 — Cl — — 1 10—12 orange- is
(ClbqdH) yellow

C6H 4 N 202 C12 — Cl CI — 142—3 orange. this work
(Cl 2 bqdH) yellow

C5H ,0N 202 — CH 3 CH 3 
— 157-9 yellow this work

(Me 2bqd H)

1 — -.—-
-

- 
__ _

~~~~~~~ ‘~~~~~~~— - - —  . -v-.- 
~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 2
ELEMENTAL ANALYSES OF BQDH DER IVAT IVES

Compound Element%

C H N Cl
bqdH 52.46 4.60 20.24 —

(52.20) (4.32) (20.24) —

MebqdH 55.28 5.37 18.25 —

(55.30) (5.30) (18.40) —

Me0bqdH 50.08 5.02 16.46 —

(50.00) (4.75) (18.26) —

CIbqdH 41.88 3.04 14.95 20.18
(4 1.71) (2.91) (16.25) (20.57)

Cl2bqdH 35.42 2.06 12.99 33.58
(34.81) (1.95) (13.53) (34.25)

Me 2 bqdH 57.83 6.10 16.90 —

(57.82) (6.07) (16.85) —

*Calculated values in parentheses.

and then dried in air . The fin al washi ng was with two 150 m l portio ns of cold
anh yd rous ether . The solid was dr ied in a desiccator over CaCl2. The reaction
afforded 2.90 g (95%) of anal ytical ly pure Ni(bqd)2 . -

The remainder of the M (bqd)2 complexes (TABLE 3) were prepared in the
same general ma n ner as N i(bq d)2 . Since ethanol and methanol tend to reduce
Pt(II) to Pt(0), acetone was used as the solvent in the preparation of the plati-
num (H) derivatives.

Oxidation Products of Some Meta l (I1) Dioximates

Preparation of Ni ( bqd)2 I~
3’4~

9 (x 0.5). 333 mg Ni(bqd)2 are dissolved in
150 ml of warm l ,2-dichlorobenzene (99%+). The solution is filtered and kept ~t
about 80C. With efficient stirring, an iodine solution is added, which was pre-
pared as follows: 1.87 g of ‘2 are dissolved in 50 ml of warm I ,2-dichlorobenzene
and filtered; a few drops of a dilute solution of highest purity KI or LII in methanol
or acetonitrile are added (to initiate the formation of 13). After dropwise addition
of this iodi ne solution to the Ni (bqd)2 solution the temperature is raised to about
lOO C and the mixture is stirred for 24—30 hours, afte r wh ich it is filtered into
another flask , which is placed into the l OO C bath. About one hour later, the
heater is turned off, and after a few days, long needles with a golden luster form.
The crystals are separated by filtration, dried on the filter paper at ambient, and
treated with a little cold water (to wash off K! or K13 that might still be present)
and again dried in air. The final washings are with cold petrol ether and with a
little ether. The crystals are then dried in a desiccator over CaCI2. The reaction
may also be carried out in nitrobenzene or chloroform.

Pd(bqd) 2I~. This compound was prepared in the same manner as Ni(bqd)2 I~ .
- - - - - -, 

~~~~
. -

~~~~~ Elemental analyses of various samples of these two compounds indica te that x
ranges from 0 5 to 0 7

~~~~

- -~~~~~~~ ~-.- 

- 
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TABLE 3
1 ,2-BENZOQU INONEDIOXIME COMPLEXES OF Ni, PD, PT,

AND THEIR ELEMENTAL ANALY SES

- 
Element %

Complex C H N Br Cl 1 M
Ni(bqd)2 43.68 3.05 16.76 — — — 17.33

(43.29) (3.03) (16.83) — — — (17.63)
a-(~-)Pd(bqd)2 37.80 2.63 14.65 — — — 27.50

(37.87) (2.65) (14.72) — — — (27.85)
Pt(bqd)2 31.05 2.30 11.93 — — — 41.30

(30.7 1) (2.15) (11.94 ) — — — (41.37)
Ni(bqd) 2 J~ 33.39 2.87 12.81 — — 15.47 12.60

(for x — 1) (31.33) (2.20) (12.81) — — (27.65) (12.77)
Ni(b qd)2 TCNQ 53.44 2.62 20.86 — 

— 
— — 10.85 

- 
-

- (53.67) (2.63) (20.86) — 
-
— — (10.93)

Ni(Mebqd) 2 46.48 3.61 15.24 — — — —

(46.62) (3.88) (15.53) — — — —

Ni(M eObqd)2 42 .78 3.77 14.33 — — — 14.60
- (42.78) (3.59) (14.26) — — — (14.94)

Ni(Me2bqd)2 49.18 4.52 14.43 — — — 
- 14.80

(49.40) (4.66) (14.40) — — — (15.10)
Ni(Clbqd)2 35.80 2.00 13.92 — 17.73 — 14.40

(35.87) (2.01) (13.94) — (17.65) — (14.61)
Ni(Cl 2 bqd)2 30.90 1.20 11.87 — 29.40 — —

(30.62) (1.28) (11.90) — (30~13) — —

Pd(M ebqd) 2 40.9 1 3.45 13.78 — — — 25.60
(41.14) (3.45) (13.7 1) — — — - (26.03)

Pd(MeObqd)2 38.11 3.22 12.63 — — - — 23.70
(38.15) (3.20) ( 12.7 1 — — — (24.14)

Pd(Me2bqd)2 43.60 4.14 12.82 — — — — -(
(44.00) (4.15) (12.83) — — — —

Pd(Clbqd)2 32.00 1.76 12.34 — 15.82 — 23.20
(32.06) (1.79) (12.46) — (15.77)  -— (23.67)

Pd(CI 2 bqd)2 27.85 1.07 10.90 — 26.03 — —

(27.8 1) ( 1.17) (10.81) — (27.35) — —
Pd(bqd)2TCNQ 49.08 2.61 19.25 — - — — —

(49.29) (2.42) (19.16) — 
- — — —

Pt(b qd)2 12 19 .99 1.48 6.98 — 
- 
— — —

(19.95) (1.39) (7.73) — — — —

Pt(bqd)2Br2 22.92 1,49 8.52 25.43 — — —

(22.91) (1.60) (8.91) (25.40) — — —
Pt(bqd)2(AgClO4 )05 25.94 1.96 9.07 — — — —

(25.40) (1.7$) (9.85) — — — —
Pt(MeObqd)2 30.49 2.75 9.76 — — — —

(31.70) (2 .66) (10.60) —. — — —
Pt( Me 2bqd)2 36.57 3.46 10.72 — — — —

(36.58) (3.45) (10.66) — — — —

Pt(Clbqd)2 26.30 1.65 9.5 1 — — — —
(26.80) ( 1.51) (10.42) — — — —

Pt(Cl 2 bqd)2 25 .14 1.01 9.56 — 23.35 — —
(23.74) (1.07) (9.23) — (23.35) — —

Pt(Me 2bqd)2 12 24.74 2. 17 6.91 — - — 32.42 —
(24.66) (2 .33) (7. 19) — — (32.57) —

Pt( Me2 bqd)2 0r 2 26.99 2.49 7.57 25.97 — — —
- , -~ 

- . (28.04) (2.65) (8.17) (23.32) — — —
Pd(bqd)2l~ 34.48 2.64 11.11 — — 12.31 20.5- 

- (for x — I) (28.40) (I .99) (11.04) — — (25.00) (20.96)

- 

—
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Oxidation of P 1(1!) dioxlmates

Preparation of P :(bqd)2 !2.3 470 mg of Pt(bqd)2 are dissolved in 350 ml hot
1,2-dichlorobenzene. A filtered solution of 1.0 g of !2 in 50 ml of o-dichlorobenzene
is added slowly and stirred at 140’C. A reflux cooler is used to prevent excessive
escape of the iodine. When the addition is complete, the mixture is stirred over-
night at 100’C. It is then filtered into another flask , which is placed into a bath
and kept at 1 50’C for a time. The heater is turned off , and the flask is sealed and
left undisturbed for a few days at ambient temperature~ Rhombohedral crystals
form , which exhibit a strong but isotropic luster. They are filtered off , washed with

~~‘ cold acetone and then with ether , and dried under vacuum.
Prep aration of P 4bqd)2 Br2. Pt(dmbqd)2 I~. P :(dmbqd) 2 Br2 . This was done in

a manner similar to Pt(bqd)2 12.

Addition Reactions

Preparation of Pi(bqd)2(AgCJO4)053”° 160 mg of Pt(bqd)2 are dissolved
in 120 ml of hot l ,2-dichlorobenzene and treated with a solution of 210 mg anhy-
drous silver perchlorate in 50 ml benzene. The reaction mixture is stirred overnight
at 140 C under reflux. The dirty black-brown powder that has formed during this
time is filtered off and washed with 20 ml hot o-dichlorobenzene. The combined
filtrates are kept at 120 C for a while , and then the heater is turned off. Two days
later, needle-like blue-black crystals form which exhibit a marked dichroism and
lustrous sheen. The crystals are filtered off , washed with benzene and then with a
little water , again with benzene, and finally with ether. They are dried over CaCI 2 .
The product is very stable in air but decomposes with explosion when heated
above 200 C (caution!).

Preparation of P d(bqd)~TCNQ. To a suspensioà of 130 mg of Pd(bq d)2
(a- and/or fl-modification) 12 in 250 ml chloroform plüi6O ml o-dichlorobenzenc
was added a solution of high-purity TCNQ (150 mg in 50 ml chloroform). The
mixture was refiuxed with stirring for about 48 hours , after which the green solu-
tion was filtered and concentrated to 150 ml by slow evaporation. Dark blue,
shiny, and slightly dichroic platelets formed. They were filtered off , washed with
cold CHCI 3 and petrol ether, and dried overnight at 90 C. Concentration of the
mother liquor to 70 ml afforded an additional portion of flat crystals, which were
washed as above. Total yield: 195 mg (97.5%) of analytically pure Pd(bqd)2 •
TCNQ.

Prep aration of N1(bqd)2 TCNQ. I l l  mg of Ni(bqd)2 were treated in the same
manner as Pd(bqd)2 to yield the analogous Ni(bqd)2 TCNQ (90%). Both products
appear to exhibit similar properties.

RESULTS AND DiscussioN

The aromatic compound l ,2-benzoquinonedioximc (bqdH) shown in Fiouas 1
has been known for a long time.Th In contrast to a large number of other

- -
. 1 ,2~dionedioximes,M however, very little attention has been paid to this bidentate

— - — - - - 
-,-‘; . — :—
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H ®
~t •OH ~ FIGURE I . Schematic molecular struc-

lure of bqdH. (a): the arrow pairs indi-
cate the positions across which electron

4 2%I~ density may be pushed into or pu lled f r om
~ ~OI4 ~ TOH the benzoquinone ring; (b): the acidic

character (predominantl y monovalent)
(a) (b) of bqdH is emphasized.

ligand with respect to the synthesis of stacked compounds. The failure for the most
extensively used aliphatic dionediox ime liga nds to y ield solids with dram atic
one-dimensional properties obviously explains the neglect of bqdH , whose out-
standing value in this regard has thus been overlooked or underestimated.

The molecular structure of bqdH (FIGURE I) shows that this compound is a
strictly flat molecule, due to its benzoquinonoid nature. Because of this benzo-
quinonoid structure , bqd H is an electrophilic aromate whose electron ic “house-
hold” may be influ enced in two ways: fi rst, by substit u tion of the benzene ri ng

- . with appropriate groups; second, by coordination to a metal ion through the
N atoms, in which case the resulting “backbonding ”13 provides a mechanism for
the metal electron “cloud” to be delocal ized on the electron-poor ligand (neph-
clauxetic effect). The flatness of the molecule combined with this electronic effect
causes the uniqueness of bqdH. 

-

The reaction of l ,2-benzoquinonediox ime ligands (TABLE 1) with the metal
ions Ni 2”~, Pd2” , or Pt 2”’, according to the equation

—2H ”'
2bqdH + M 2~ M(b qd)~,

affords extremely stable, intensely colored neutral products . In the case of the Un-
substit uted bqdH as the liga nd (FIGURE 2), x-ray structural studies on numerous
derivatives have show n the comp lex molecules to be completely coplanar. In addi-
tion, the intramolecular 0—H —0 bridges (evidenced by ir spectra , FiGuRE 3),31)

the chelate effect , and the mesomerism of the delocalized w-electron system, con-
tribute jointly to enhance the stability of M (bqd)2 . The observed planarity of the
complex molecules minimizes steric hinderances between neighboring units of a
stack and thus favors the stacking arrangements.

O-H -0

0 H”O

( 0 )  (b)

FIGURE 2. Schematic molecular structure and mesomeric f-electron delocalization in a
- 

- 4 M(bqd)2 complex unit. The r-elcctrons are obviously not localized as in (a), but delocalized
uin (b).

— :

~~~~~~~~~

-
. 

~~~~~~~~~~~~~ 
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Imp act of the Nephelauxetic Effect on
Cooperative Properties of a Metal Atom Chain

When bqdH coordinates a transition metal ion , as in FIGURE 2, the first step
of bond formation consists in the formation of a dsp-u bond for which both

::~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J1v~~~~~~~~~

p

~~~~

3500 2500 500 500
cm~

FIGURE 3. Near infrared spectra of (a): bqdH (free ligand) with evidence for a broad
NO—H absorption band at 3500-2500 cm-1 ; (b) Ni(bqd) 2 (c) Pd(bqd)2 and (d) Pt(bqd)2:
The formation of strong and symmetric O— H—0 bridges is evidenced by the disappear-
ance of the SO—H band .

electrons are provided by the nitrogen atom. However , there exists the possibility
of finite overlap between filled orbitals of the central metal and empty ~~ orbitals
of the coordinating N atoms. Thus , the second step of bond formation consists
in a “backdonation ” of metal d electron density to the ligands , provided the
d-shell involved is sufficiently polarizable. The S.d electron shell of Pt(II) is more
polarizable than the more rigid 4-d shell of Pd(II) or even the much more rigid

— —w~~ 
— —
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3-d shell of Ni(l I). Therefore, the nephelauxetic effect induced by electronic
properties of the ligands is expected to have a much more dramatic impact on the
d-electron density of Pt(II) than on that of Pd(II) and Ni(II). As a consequence,
the electron “clouds” of the Pt atoms are appreciably delocalized on the spheres of
the electron-poor ligands. The delocalization is equivalent with a partial reduction
in d-shell electron density at the Pt sites. Consequently, van der Waals repulsions
between neighboring Pt atoms within a chain are appreciably lessened so that
these atoms may move much closer to one another. This leads to a relatively
short Pt-Pt separation of only 3.180 A ,’4 the shortest observed thus far for a
stacked Pt(l I) complex in a neutral molecular environment (cell parameters in
TABLE 5). The short Pt-Pt contacts (strong intermetal lic interactions) cause the
energy gap E, separating the filled Sd,2 valence band and the empty 6p 5 conduc-
tion band to decrease significantly (FIGURE 4), resulting in enhanced cooperative
transport phenomena taking place along th, Pt atom chains. So far , Pt(bqd)2 had
provided the first experimental evidence for intrinsic electrical conduction in a
small band gap linear metal-chain semiconductor based on Pt( !I).” This con-

TABLE 4
INFRARED ADSORPTIONS

Substituent effect on the band shift or the near infrared ~C N  absorption
Free Ligands Pd(lI) Complexes

Me2 bqdH bqdH Cl2bqdH Pd(Me2bqd)2 Pd(bqd)2 Pd(Cl2 bqd)2
1C-N 1640 1630 1610 1600 1565absorpn. in cm 1

ductivity exceeds that of the analogous Pt (dmg)2~ by a factor of at least iOu .
The electrical conductivity, u, of Pt(bqd)2 as a function of temperature is shown
in FIGURE 5 for the temperature range 77-550 K. Plots of log o vs l/T yield a
straight line in the range 77—300 K , consistent with ohmic behavior. Above
380 K (I l0’C) a dramatic turnover of the conductivity occurs. This change
is reminiscent of an irreversible phase transition, much like the one r .cently ob-
served in N-methy lquino linium(7 ,7,8,8-tetracyano-p -quinodimethanide)2, N Me-
Qn(TCNQ)2. ’6

Polarized single-crystal reflectance spectroscopy has proved to be a powerful
tool for demonstrating the anisotropic properties of one-dimensional mate-
ria1s.h?~ lc The reflectance spectra of Pt(bqd~ are displayed in FIGuRE 6.’~ The
band centered at 0.85 eV and polarized along the stacking direction is reminiscent
of an intcrband electronic transition , reasonably associated with the optical Sd,2 to
6p, transition in a direct process.’7’ The disappearance of this band when the re-
flected light is polarized perpendicular to the stacking direction of the molecules
demonstrates the one-dimensional character of Pt(bqd)2 .

Finally, the observed diamagnetism in Pt(bqd)2 (negative susceptibilities,
Xm, no epr signal) excludes the possibility of an “extrinsic” conduction , i.e., a con-
duction dominated by small amounts (in ppm concentrations) of Pt(III) impurity
ions doped into the Pt(EI) chains of the host lattice, as has been found recently in

- - 

the most extensively studied Magnus Green Salt (MGS), Pt(NH 3),, PtCl4.~ a,Isb
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By way of contrast , the analogous derivatives Pd(bqd)2 and Ni(bqd )2, which
have larger metal-metal separations , are foun d to behave l ik e insul ators,4 with
conductivities less than l0— ~ 0’’ cm~~, i.e., too small to be detected with ou r
experimental equipment. Although the three compounds Ni(bqd) 2, Pd(bq d)2 , and
Pt(bqd)2 are characterized by the com mo n stack ing st ru ctu re in the solid, they ex-
hibit specific differences in the molecular arrangement within their respective
crystal lattices. Whe reas Pt(bqd)2 and Ni(bqd) 2 crystallize onl y in the space groups
Imcb (or Ibam) ’4 ”9 and P2 ,/n ,2° respectively, Pd(bq d)2 for m s two crysta l line

d,2

c xz.~~~xz~~~ 
/~~~7’ 

FIGURE 4. Schematic representation of/ , ~~ 
the stacking and energy-band structure

/ U in M(bqd) 2 com plexes. A: Real case of
weakl y interacting metal orbitals along

~~~~~~~~~ 
~ ‘-z~~~ / ~‘7” the z direction (thc i~z orbitals have been

omitted for clarity ); B: Idealized case of\~/ maximum interactions , which may result

~~~~~~~ / M in a magnetic one-dimensional metallic
state; C: Band gap E, between the filled
d,2 valence and the empty p2 conduction

A B band as a function of orbita l interaction
along the s-axis (stacking direction) . The
energy separation between the filled d 2

c .. -j~~~ and the empty p, orbitals of a single
i—i.- ~ ~ I ~ BAND M(b qd)2 complex molecule is sketched in -

~~
“

~~~~~
“ .- I (Empty ) a); for weak intrachain interactions , the

~ 
.J~ , corresponding narrow bandwidths and

ORBITA L - / 
Eg (b ) Eq (c) large band gap arc represented in b), and -

_________ 
the effect of strong i ntrachain interac-

d~
2 

tions upon the ban Jwidths and band gap

ORB ITAL - V
(a) (b) (c )

0 Or bI tal ov sr la p along z a xi s

modifications , a and $. a-Pd(bqd)2 is isostructural with Pt(bq d)2 .2’ It forms dark ,
red-violet , rectangular prisms that exhibit a marked red luster when viewed under
light polarized parallel to the long axis of the crystal (stacking direction).
$.Pd(bqd)2, by contrast , crystallizes in a system of lower symmetry, as indicated
by preliminary precession photographs. The space group of this material (black ,
lustrous , but not dichroic crystals), however , is currently in the process of being
determined accurately. ’2 It is to be emphasized that further differences are found in
the solid-state properties of th~ two modifications , in particular with respect to
their polarized single-crystal reflectance spectra , their elastic properties ,22 and their
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FIGURE 5. Temperature dependence of the dc electrical conductivity of Pt(bqd)2, log a vs.
(fT . Dots — cooling and heating curve between room temperature and liquid nitrogen;
crosses — heating from room temperature to 240 C; squares: Cooling from 240 to I 10 C;
triangles: heating from 110 to 275 C (crystal decomposes at 278 C). The activation energy is
0.15 eV and 0.55 eV for phase I and phase 2, respectively .

solubilities. These divergences are due solely to different stacking patterns of the
indiv idual Pd(bqd)2 molecules. Various experimental results provide clear cvi-
dence for the conservation of the molecular identity in the solids. In particular , 1)
the elemental analysis is the same; 2) the color of solutions is identical (dark
green); 3) the near infrared spectra are identical; and 4) the solids equally react
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FIGuRE 6. Polarized single-crystal reflectance spectra of Pt(bqd)2. Broken lines — experi-
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~~~~~~~~~ men tal data; Solid lines — fitting curves to these data.
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with molecular iodine to yield the only mixed-valence product , Pd(bqd)2 I~,4 or
with molecular TCNQ to afford the only adduct Pd(bqd)2TCNQ.~ 1I ~b

Electronic Influen ce of Benzene Ring Substitution Upon the Nephelauxetic Effect

In all the nine crystal structures that have been solved so far on various 1,2-
benzoquinon edioxime complexes (TABLE 5), the [M(bqd)2J units were found to be
rigorousl y copla nar species, with the metal , M , at the center of symmetry. This
preferred planarity obviousl y is favored and stabilized by the mesomeric de-
locali zation of the T-electrons of the ligands (FIGURE 2). The evidence for such
delocalization is provided by the bond distances and angles within the ligand
rings , which are m uch mo re com parable to the bond leng ths an d angles in a
benzene, rather than to those in a cyclohexadiene ring . It is believed that this
mesomer ism is st rongly coupled to the above-mentioned nephelauxetic effect (in-
duced by the “back donation ”).

If one introduces electron-withdrawing chromophores at the free positions of
the benzoquinone ring (positions 3—6 in FIGURE 1), the mesomeric effect is cx-
pected to act as a ha ndle by means of which these electrophilic chromophores can
gri p down to the electron “cloud” of the central metal and expand it toward the
spheres of the ligands. This partial reduction in d-shell electron density of the
metal ions we term negative nephelauxetic eff ect (— N effec t) in analogy to the
negative mesomeric or inductive effects in organic chemistry (— M or — I effect).
One expects the most striking manifestation of the — N effect to result in enhance-
ment of the metal-metal interaction in terms of increased orbital overlap of the
adjacent metal ions within a chain. The large intermolecular forces that result this
way should be markedl y reflected , e.g., in the low solubility of the compounds.
They manifest themselves also in the more intense colors of the solid compounds ,
compared to their rather bright colors in dilute solutions. The complexes
M(Clbqd)2 and M(Cl 2bqd)2, where the electrophi lic chlorine atoms have been in-
troduced in place of the hydrogen atoms at the 4- and/or the 5-position of the
benzoquinone ring, represent the first examples that clearly demonstrate the —N
effect outlined in the foregoing discussion.

If , on the other hand , electron-releasing chromophores are linked directly to
the benzoquinone ring, then the electrophilic properties and consequently the — N
effect of the ligands are attenuated significantly. In other words , the electron-
releasing groups act in such a way as to effect a hig her concentration of the d-shell
electron “cloud” at the metal ion site. This phenomenon we term positive nephel-
auxetic effect (+N effect), as opposed to the foregoing —N effect. The solid-state
properties associated with the + N effect are therefore expected to be just the op-
posits of those arising from the —N effect. This logical expectation has indeed
been beautifully confirmed in the complexes M(Meb qd)2, M(MeObqd)2,
M(Me 2bqd)2, where Me and MeO are the electron-releasing groups CH 3— and
CH ,O— , respectively.

Furthermore , the —N effect induced by electron-withdrawing substituents
should have an impact on the energy band structure sketched in FIGURE 4c so as
to reduce the band gap E, between the filled d 12 valence and the empty p, con-
duction band. Thus , it might become possible to gradually enhance the transport
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phenomena occurring within the chain to such an extent that , at the uppermost
limit , metallic state could be reached if the two bands were to merge. To put it
another way, if the coordination geometry around each metal ion in the solid were
to approximate a regular octahedron , then the energy difference between the empty
b~ ’ (d~2 _~2) and the filled a , ( d ~ ) levels would becom e so neg ligible that Hund’s
rule would require the share of the two d 2 electrons by both degenerate orbitals.
Thus, with one electron in each d 2 orbital , the extended d~2 band would be half-
filled and would therefore become a pure metallic conduction band. The single
electrons in the d~i_,,2 orbitals , by contrast, would remain pinned at the molecular
sites, since in the stacking structure with the molecular planes perpendicula r to the -

stacks, the extent of the d
~2 ,,2 band is so small th at these states m ay be re-

garded as isolated. The most exciting aspect of this hypothesis is that one now -

reaches the concept of a fascinating model solid where the metallic transport
properties are confined in one direction and the magnetic properties restricted in
the orthogonal directions. The uni que merit of the bqdH ligands is, at the least, to
inspire this prediction of a magnetic one-dimensional metal.

In the present work , care has been taken to employ substituents of approxi- 
-

mately the same and relatively small specific volume in order to minimize or ’
cancel steric hi nderance, so that their inductive (~~I) and/or mesomeric (~~M)
effects may be observed.

IR Evidence for Mesomeric Delocalization

Near infrared (nir) spectra record the characteristic absorption bands of in-
dividual molecules and thus furnish accurate information concerning intra-
molecular vibrations as a function of bond strength. In the present compounds
it is important to focus primarily on two types of vibrational modes that appear to
be of interest in understanding electronic effects within the complex molecules.

The first characteristic vibration is the 0—H stretching mode which absorbes
in the frequency region 3600-2400 cm ‘ . From the intensity and width of the
0—H absorption band , it is possible to learn about the symmetry and strength of ‘

the O—H—O bridges. In the absence of such bridges a - very sharp and intense
absorption band characteristic of isolated 0—H stretching vibrations is observed
at the high-energy side of the above frequency region. If weak and unsymmetric
0—H --— O bridges are present, this band is broadened and red-shifted (FIGURE 3a).
Finally, the presence of very strong and strictly symmetric bridges causes the
0—H vibration to become ir-insentitive, and the band to pratically disappear
(FIGURES 3b— d).3”~~ On the evidence of x-ray studies, the presence of symmetric
bridges was confirmed by equivalent N—O bond lengths and identical electron j
densities around the 0 atoms. it is obvious that the formation of these symmetric
bridges favors the planar geometry and contributes to the stability of the complex -

‘

molecules.
The second vibration of interest is the C N  stretching mode, which generally

absorbes around 1600 cm~~. This vibration may provide a very sensitive probe for
evaluating, at least qualitatively, the extent of electronic effects induced by sub-
stituents linked to the remote parts of the ligands. In TABLE 4 are listed the band 
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position s of the C=N absorption as a fun ctio n of substitue n t effects in the free
bqdH ligands as well as in their corresponding complexes. For example, in the
liga nds M e2bqd H , bqd H , and Cl 2bqd H , the absorption band is shifted to lower
frequencies following this order , which coincides with the increasing electrophi lic
character. Clearl y, electron -withdrawing substituents produce a red-shift of the
C=N absorption in contrast to the effect produced by electron-releasing sub-
stituents. This is easy to understand from the fact that the electron-deficient
benzoquinonoid ring is likel y to pull some electron density out of the adjacent
C=N bond. This withdrawal of electrons from the carbon-nitrogen double bond
results in the weakeni ng of the bond. Consequentl y, the oscillato r freque ncy
which is a direct function of the bon d strength decreases, and the frequency of the
absorption is red-shifted. The shift is even more dramatic in the complexes where
the N atoms are quaternized. Thus , the ir experiment appears to offer a powerfu l
and sensitive method to demonstrate that electronic effects induced by chromo-
phoric groups at the ligand sites may be carried via the mesomerism throughout
the en tire com plex molecule down to the direct vicinity of the central metal . The
fundamental significance of this finding is primari ly associated with the possi-
bility of achieving Little’s excitonic high-temperature superconductor for which
the extension of ligand polarizability down to the nearest vicinity of the cen tral
metal site is a necessa ry conditi on .~

Derivatives of the I ,2-Benzoquinonedioxj mates

The flexibility of the coordination chemistry based on I ,2-benzoquinonedi-
oximes is not only restricted to the preparation of , so to speak , first-generation
complexes described above, which are formed by the reaction of the free li gands
with divalent gI~ metal ions. These first-generation comp lexes also readily react
with various other reagents to afford new and interesting compounds.

The most interesting derivatives of this kind are the partially oxidized linear
metal-chain compounds M(bqd)2 I~3a 3b.49 (M .- Ni , Pd: x ~~ 0.5). Full x-ray
structure deterlninations show that these isostructural crystal lattices23

~
24 consist of

positively charged (partially oxidized) stacks of M(bqd)2 units and negatively
charged (partially reduced) chains of iodine atoms that may be desordered.
Within the complex stacks, the metal ions are linked in extended linear chains with
a uniform metal-metal separation of 3.153 A for Ni(bqd) 2 I05 and 3.185 A for
Pd(bqd)2 105 ; these are the shortest metal-metal distances observed so far in Ni and
Pd compounds of this type. The iodine chains consist of l3 units, as evidenced by
resonance Raman and Mössbauer spectroscopy,25 and by diffuse x-ray scattering
analysis;26 the l 3 units are linked head-on-tail parallel to the metal atom chains at
a distance of about S A. The experimentally assessed degree of partial oxidation
indicates a nonintegral oxidation number of + 2.17 for the metal ions in these corn-
pounds.”2’ This number corresponds to the removal of an amount of 0.17 electron
from each Ni 2

~ or Pd 2
~ ion , wh ich is m uch less tha n in the ~ase of Krogmann

Salts 2 (>0.3 electron removed from each Pt2’~) and even twice as less as in the case
of analogous mixed-valence compounds based on glyoxime ligands. 27 25

Although Ni(bqd)2 I0.5 and Pd(bqd)2L~.5 exhibit a golden metallic luster
polarized parallel to the stacking direction ,22 their electrical and optical properties

- --,,__ _,_
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differ ma rkedly from those of th e prototypical Krogmann Salt , K 2 Pt(CN)4 -
Br0.33 . 3H 20 (KCP). This divergence is best explained in terms of the d22 band
filling. Accordingly, the d22 band in KCP is filled to about 83%. By contrast , the d22
band in Ni(bqd )2 I0.~ or Pd(bq d)2 10.5 is filled to 92%, leaving only 8% of available
free room for transport phenomena to occur. In such a narrow space, however ,
the density of states of “Fermi electrons” is expectedly too small to give rise to
“metallic ” behavio r. Therefore , the materials behave as semiconductors. Never-
theless, there is an enormous increase in electrical conductivity of at least IO~ when
going from the unoxidized M(bq d)2 to their partiall y oxidized prod ucts. Ob-
viously the elect r ical properties depend predominantl y on the extent of metal-metal
interactions (measured by metal-metal distances) rather than on the degree of
partial oxidation. This statement is supported by the experimental observations
made on the analogous glyoxime complexes, M(dpg)2 l (M = N i or Pd; dpg —
ion of diphenylglyoxime) ,27’3° and Pd(Glyox)2 1 (Glyox — ion of glyoxime) .2’
In these partially oxidized iodine chains-containing compounds , the degree of
partial oxidation 27 was fou nd to be twice as much as in the corresponding
M(bqd) 2 10.5 derivatives. Yet the latter derivatives possess a higher conductivity,
due to their much smaller metal-metal distances.

When the Pt(II) complexes of I ,2-benzoqu inonedioxime ligands are treated
with molecular iodine or bromine , the only products that form are the oxidative
add ucts exemp lified by the derivatives , Pt(bqd)2 X 2 (X — Br , I ) . ~ h e re, the
resulting Pt(IV) ions are octahedrally coordinated by the four eqaatorial N atoms
and the two halides linked axially below and above the plane of the chelate.31 This
type of reaction has also been observed on other 1,2-dionedioximates of Pt(Ii) .27

~
2

Worthy of note is the completely different reaction of bromine or chlorine with
N i(bqd)2 and Pd(bqd)2. Presumably because of the hig her oxidizing power of these
halogens, their actio n on the Ni( II ) and Pd(1l) bcnzoquinonedioximates consists
in attacki ng preferentially the ligand moities which , under destruction of the com-
plex , are probabl y ox idi zed to the correspondi ng benzofuroxans in the manner re-
ported in literature. 33~.33b

A nother interesting addition reaction is the action of silver perchiorate upon
Pt(bqd)2 , which y ields the adduct of stoichio metry Pt(bqd) 2 . (AgClO4)0~~’3t”°
This adduct is the first example of its kind , since no ana logous der ivative , i.e., a
silver porchlorate-containing linear metal-chain compound, has been previously
reported. The presence of AgCIO4 in the cry stal latt ice does not prevent the highl y
preferred stacking structure of the Pt(bqd)2 molecules , although the Pt-Pt separa-
tion of 3.386 A is significantly increased , compared to 3.180 A in Pt(bqd)2 i9
This large Pt-Pt distance is obviously caused by steric effects induced by the roomy
pcrchlorate ion , ClO(.

Finally, the attempt to oxidize Ni(bqd)2 and Pd(bqd)2 using the electron ac-
ceptor 7,7,8,8-tetracyano-p-quinodimethane , TCNQ, resulted in the forma tion of
the equall y interesting 1:1 new adducts , M(bq d)2 .TCN QU~ lTh (M — Ni 2 ’ , Pd 2

~).
The M(bqd)2 and the TCNQ molecules, though packed closely together in the
crystal lattice of these adducts, remain individually uncharged , as was evidenced
by the absence of an epr signal. ”’ Only diamagnetic and minor electronic prop-
erties may be expected in these solids since all the symmetry-related levels of the
interacting sing le molecules are either completely filled or completely empty . This
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state of a ff airs im poses that the result in g energy band structure along the stacking
direction remain characteristic of an insulator or , at most, of a semiconductor ,
similar to FIGURE 4C, which is experimentall y observed. Future efforts will be
aimed at fi nding proper ways of inducin g a partial filli ng of these energy bands, in
which case the solids are suspected to possibl y become hi ghly conductive (one-
dimensional metals) .

X-ray Evidence for  the “Backdona :ion ” Effect

In TABLE 5 are displayed the most relevant structural features of all the 1 ,2-
benzoquinonedioxime complexes that have so far been anal yzed by means of
x-ray techni ques. In all cases, the M(b qd)2 entity was found to be a strictly flat
species.

It is usefu l to note the variation of the M— N (metal-nitrogen) bond distance
in different complexes of the same metal atom. As shown in TABLE 6, this bond dis-

TABLE 6
COMPARATIVE INTRAMOLECULAR BOND DISTANCE

IN UNOxIDIzED AND OXIDIzED M(bqd)2 COMPLEXES

N N b  c

~. ..:~~~~~~)IItI1IIIIJ

Bond distance in A
Complex M—N C—N N—O a b c d Ref.

Ni(bqd)2 1.864 1.310 1.32 1.445 1.43 1.35 1 .43 20
Ni(bqd)2 I0~ ’ 1 .905 1.31 1.33 1.50 1.43 1.37 1.42 23
a-Pd(bqd)2 1.975 1.32 1.335 ( .47 (.45 1.36 1.48 21
Pd(bqd)2 ~~~~ 2.042 24
Pt (bqd)2 ‘(AgCIO4 ) o.s 1.98 1 .29 1.385 1.48 1.45 1.35 1.475 10
Pt(bqd)2 12’ 2.002 1.32 1.33 1.46 1.43 1.365 1.445 31

‘Oxidized .

tance may be regarded as a reliable estimate for the magnitude of the “backdona-
tion ” effect discussed earlier. There, it was stated that the M—N bond formation
may be thought of as taking place in a two-step or “push-and-pull” mechanism
(synergetic effect). 2 In the pushing phase, the N atom pushes its free electron pair
into the d-shell of the central metal to form the 

~ M N  bond. In the following pull-
ing step, the N atom pulls via its s orbital a certain amount of electron density out
of the filled , symmetry related d-orbitals of the metal. Obviously, the total degree of
bonding between the nitrogen and the metal atoms is dominated by the extent of
this backdonation effect , which , in turn , is directly related to the d-shell polariza-
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bility, and therefore to the nephelauxetic effect discussed above. When one com-
pares the M—N distances of the unoxidized M(bqd)2 complexes with those of
their oxidation products, one notes that these distances are larger (weaker bond-
ing) for the latter than for the former compounds. This difference is understood as
the direct result of the oxidation process (removal of d-electrons), following which
the reduction in d-shell electron density is accompanied by an attenuated backdo-
nation effect. The net result is a lengthening of the M—N bond in the- oxidized
complexes.

CONCLUDING R EMARKS

It has been shown in the foregoing discussion that , barring large steric effects,
the Iigand system l ,2-benzoquinonedioxime (bqdH) is outstandingly suited for the
synthesis of linear metal-chain compounds, especially of those based on the ions
Ni2

~ , Pd 2
~ , and Pt2

~ . The nephelauxetic effect (expansion or contraction of the
d-shell electron “cloud” at the metal site) has been experimentally observed.
Thus, using properly substituted I ,2-benzoquinonedioxime ligands, the d-shell
electron density of the central metal ion may be either lowered somewhat to en-
hance intermetallic in teractions within the chains or may be slightly increased to
lower the metal-oxidation potential and render the chains more susceptible to
(partial) oxidation.

This partial oxidation (possibly resulting in a one-dimensional metal), along
with the possibility of expa nding the observed mesomerism of bqdH to a highl y
polarizable dye-like system, represents the fundamental prerequisite for the con-
struction of an excitonic high-temperature superconductor according to the model
proposed by Little.5’~~ It is particularly in this connection that the bqdH corn-
plex chemistry is expected to have the most exciting impact in years to come.
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THE CONSTRUCTION OF METAL-METAL BONDS
BY REDOX PROCESSES*

Alan L. Balch
Department of Chemistry
University of Caiifornia
Davis . California 95616

INTRODUCTION

The chemical and physical behavior of low-dimensional materials has been,
quite naturally, focused on studies of these materials in the solid state. However ,
the emphasis on the solid form of these materials has left many chemically in-
triguing aspects of these substances unexp lored. In this article we will be concerned
with some of these aspects of the chemistry of linear materials composed, in par-
ticular , of chains of transition metal ions. Our emphasis will be on the construc-
tion , especially the controlled construction , of metal-metal bonds.

Numerous questions remain unanswered in this area. The mechanism of metal-
metal bond formation in columnar materials such as the intensively studied
K2 Pt(CN)4 .0.3 Br-  H 20’ and , in fact, in most systems containing metal-meta l
bonds remains for future exploration. The relative importance of lattice effects
versus di rect covalen t bond in determining the stability of factional oxidation
states in such unconventional mater ials as K 167 Pt(O2C202)2 . H2 02 and
(cation)~Ir(CO)2 Cl2 (x varies from .3 to .6 depending on the cation)3 have
not been ascertained. Rational means of anticipating the synthesis of columnar
tra nsition metal complexes remain to be devised.

One of the useful means of constructing metal-metal bonds involves a redox
reaction in which metal complexes containing different formal oxidation states of
the same metal are allowed to react. This process, howe~er, can lead to a variety
of different reactions. These are outlined in TABLE 1. One of these, simple electron
transfer between the accessible oxidation states, is of little interest here. A second
reaction type leads to the formation of a columar material containing an effectively
infinite chain of directly bound metal atoms. An example is the reaction between
the square d8 Pt(II) complex Pt(CN)4 2 and the six-coordinate d6 Pt(IV) complex
PtCl2(CN)4 2 to form the solid K 2 Pt(CN)4Cl0~2(H 2O)3 .4 Only one product with a
uni que stoichiometry results from this reaction. During the reaction , halide ions
are expelled from the coordination spheres of the platinum centers which origi-
nated as PtCl2(CN) 2~ A reaction type closely related to the preceeding example
does not result in halide ion extrusion from the metal coordination sphere. As a
result, a chain of directly bound metal cen ters does not form. Rather , a chain of
alternating metal and halide ions ( . . - M—X—M ——X—M—X • . -) is obtained.
An example is the formation of Wolfram ’s red salt , [PtH (NH 2 Et)4][Pt I~’Cl2 .
(NH 2 Et)4JCl4, from square, d8 Pt(N H 2 Et)42

~ and six-coordinate, d6 PtCl2 - .
(NH 2 Et)42

~. In another reaction type, a compact metal cluster may be formed in
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TAILE I

CLASSIFICATION OF REACTIONS BETWEEN METAL COMPLEXES WITH
METALS IN DIFFERENT FORMAL OXIDATION STATES WITH

SELECTED EXAMPLES 
-

Electron-Transfer
NiIS2C2(CN)212 2 

+ Ni(S2C2(CF3)212 — Ni(S2C2(CN)2)2 + Ni[S2C2(CF3)2I2~’
FeS4IS2C2(CF3)2]. 2 

+ Fc4S4S2C2(CF3)2J4 - 2Fe4S4[S~C2(CF3)~~
_ b

Direct Metal -Metal Bond Formation Linear Chains
I 7Pt 11(CN)42

~ + 3 ira s-Pt ” (CN)4 Cl22 
+ 40K + — 2OK2Pt (CN)2 X03

c
2Pd°(CNCH 3)5 + Pd11(CNCH 3)42

~ . Pd~(CNCH~)52
~ 

d

Hg + Hg2~ — Hg22~

Clusters
2flr(CO)4J + 2Rh(CO)2 C12 Rh 2 Ir2(CO),2 + 4Cl e -

Rh5(CO),44
~ + Rh(CO)2(CH3CN)~ - (Rh 7(CO)16)3

~ + 2CH 3CN t

Ligand Bridge Formation Extended Linear Chains

NH 3 Cl NH 3 Cl
Pd ”(NH 3)2Cl 2 + Pd”(NH 3)2C14 ~ Pd ~.Cl~~Pd~~Cl S

Cl NH 3 Cl NH 3 ~

Cyclic Chains

- Cl +2C0
Cl—Au -

2Au ’(CO)Cl + Au 2~ Cl6 ‘~~Cl—Au—C l~Cl —Au—C l—Au—Cl
- ~ Cl

Dimers - 
-

(EI2NCS2)2MOIvO + (Et2NCS2)2Mo”’02 — (Et2NCs2)21~1o_o_J1o(S2 cNEt 2)2e

‘DAvisoN, A., N. EDELSTEIN, R. H. Flou.I & A. H. MAKI . 1963. Inorg . Chem. 2: 1227.
bBA~~H, A. L. 1969. 3. Am. Chem. Soc. 91:6962.
CKR0OMAN, K. & H. D. HANSEN. 1968. Z. Anorg. Allgem. Chem. 358:67.
dBAI.CH, A. L., I. R. BOEHM, H. HOPE & M. M. OLMSTEAD . 1976. .1. Am. Chem. Soc.

98:7431.
‘MARTINEGO , S., P. CHINI, V.0. ALBANO , F. CARIATI & 1. SALVATORI. 1973. 3. Organo-

metallic Chem. ~~: 379.
~CHINI , P., 0. LONOONI & V.0. ALBANO. 1976. Adv. Organometal. Chem. 14:285.
$BROSSETT, C. 1948. Arkiv. Kemi. A. 25: 1.
bDELL’AMICO, D. B., F. CALDERAZZO, F. MARCHETI I, S. MERLINO & 0. PEREOO. 1977.

J. Chem. Soc., Chem . Commun.: 31.
1NIWTON , W . B., J. L. CARBIN , D. C. BRAVARD , 3. E. SEARLES & 3. W. MCDONALD . 1974.

Inorg . Chem. 13: 1 100.
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preference to a chain or columnar structure. Such reactions have been used mostly
to prepare mixed metal clusters. For example, the reaction of square, d8 - 

-

Rh(CO)2 C12 and tetrahedral d ’° Ir(CO)4 produces the tetrahedral cluster
Ir~Rh 2(CO),2 .6 The difference between cluster formation in this case and the for-
mation of columns in the previous examples cited in this paragraph cannot be
simply correlated with a change in the electronic configuration of the reactants.
A related reaction between d8 Pd(II) and d’° Pd(O) isocyanide complexes can
produce a linear species Pd3(CNR)82

~.7 It is clear that the factors that differentiate
between columnar and cluster formation remain to be elucidated. Indeed , the pos-
sibility of isomerization between columnar and cluster forms remains a distinct
possibility.

Recently, several systems that enable short chains of directly bound metal
atoms to be examined in solution have become available. Chains of two, three,
four, and more atoms have been observed to exist in solution. The complexes
involved include rhodium ,8~ ’ palladium,7”2~

3 and iridium ’4 isocyanide complexes
and the platium blues.’5 The discovery of such soluble systems opens up these
chains to study by a variety of solution techniques that have been previously un-
usable. These systems also expand and simplify the synthetic possibilities in this
area.

In the sections that follow, we summarize our studies of two systems that
produce a rich array of short metal-metal chains that are stable in solution. These
systems involve palladium and rhodium with ligands which have been chosen so
that they do not sterically interfere with the formation of metal-metal bonds.
Among the most versatile of the ligands of this type are isocyanides, carbonyls,
and halides. - ¶

RHODIUM I SOCYANI DES

Treatment of a Variety of Rh(I) complexes with four or more moles of an
isocyanide readily produces the cation Rh(CNR)4 4 (R alkyl or aryl). Solutions
of these cations display a variety of colors that are dependant on the substituent R ,
the cation concentration , the solvent, and , to a lesser extent, on the anion present.
In dilute solutions or with bulky isocyanide substituents these cations are yellow,
and they display electronic spectra dominated by metal-to-ligand charge-transfer
absorption that are characteristic of planar Rh(I) complexes.’6 More concentrated
solutions are red or blue, because of the increase in intensity of new low-energy
electronic transitions due to dimeric and trimeric species. ’° The concentration
dependence of the intensity of these spectra can be quantitatively analyzed in terms
of the Equilibria I and 2.10.17 Although the electron ic

2+

C , R C  NR_ I~~~
CL’I ,..C

2Rh(CNR)4 ’ P.,h Rh (1)

RN C
~~~ RN C

c!

I

- ~~ 
--

~~~~~~~~~~ —S 
- 

. 
-
. ~~~~

— - - - - - - — —
~
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3+

cN~~~~~~cN~~~~~~c~~~
Rh 2(CNR 4)82

~ + Rh(CNR)4~ =~~ Rh ;Rh ~ Rh (2)

RN C
~~~ RN C

~~~ RN C
~~~

II

spectra show distinct absorption maxima for both I and II; the infrared absorp-
tions, particularity the CN-stretching frequencies , of the cations remain unaltered
by concentration changes. The interpretation of these spectral changes in terms of
the formation of dimers and trimers with direct metal-metal bonds is strengthened
by the similarity in physical properties of I and of the dimers III and IV , which

Ph2P~~~~~~~~~P:2 
2+ 

2+

~~Rh ~~Rh Rh~~ R1(
RNC RNC N C I  c~~l

~~~~~~~~~~~~~~~~

have bridging ligands that constrain the two meta l centers to cloce approach .8~’
We have examined the electronic spectra of Rh(CNCH 2 Ph)4 X (X =

and I ) in a variety of solvents in order to ascertain the solvent dependence of
Equilibria I and 2. The thorough study has not been completed, but the following
qualitative observations are available. Although solvents and anions do not ap-
preciably alter the position of the electronic band maxima , they do alter the rela-
tive band intensities. Consequently, these effects alter the equilibrium constants for
Equations I and 2 through solvation and ion-pairing effects. The equilibrium con-
stant for Equation 1 decreases in the following order of solvents: chloroform
(K — 5) > tetrahydrofuran (K — 3) > acetonitrile (K — 1) — methanol (K — 1) >
acetone( K — .1) — dichloromethane (K — .1).

The addition of halogen to square rhodium (I) complexes is a typical oxidative
addition reaction which has been studied for numerous d8 complexes, particularily
those containing phosphine ligands. Six-coordinate rhodium (III) species generally
are produced. Addition of one or more moles of halogen to Rh(CNR)4 4 in any of
its forms does produce lrans-RhX2(CNR)4 ’ .’8 Other products, however, are ob-
ta m ed at lower halogen/rhodium ratios

RhodIum (II) dimers may be formed in two ways ((3) and (4)) ~

4. 
~

,-
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R R 2+
N N
C ,~R C  ~~RI ___C1-’ 

I ,__C~
2Rh(CNR)4~J +\ X 2 —

~~~ X—Rh Rh—X (3)

RN C
~~~ RN C

~~~

V

R R 2+
N N
C ,,R C ~.1R
I ~_~

C1’ I
Rh(CNR)4~ + RhX 2(CNR)4~ X-7Rh ~ Rh—X (4)

RN C
~~~ RN C

~~~

H 
- 

V

Reaction 4 is related to the formation of solid K 2 Pt(CN)4 Br0.3(H 2 0)3 by inter-
action of Pt(CN)4 2 and PtBr 2(CN)4 2 except that in (4) only one Rh—Rh bond
is created and it is stable enough to be maintained in some solutions. The rho-
dium(II) dimers are rapidly formed by either route. The integrity of these dimers is
strongly solvent dependent, since they can rapid ly disproportionate by the reverse
of reaction 4. TABLE 2 gives the equilibrium constants for reaction 4 in a variety of
solvents. Since the equilibrium constants decrease with decreasing dielectric of the
solvent, it appears that the ability of the solvent to stabilize the divalent dimer is
of major importance in determining the amount of dimer present. Reaction 4 is
exothermic; in acetone solution ~ H is + 15 kcal/mole for X = I and R —

cyclohexyl. ’7 In a crude sense this value may be taken as an indication Qf the
Rh—Rh bond energy in V, since the products and reactants of equation 4 differ
in number of chemical bonds by the presence or absence of a Rh—Rh bond.

The formation of Rh 2 X2(CNR) 82
~ may be readily monitored by either d cc-

tronic or infrared spectra. Both methods have been used to obtain the equilibrium
constants shown in TABLE 2 and good agreement is found between complimentary

TABLE 2 ‘
- 

.

EQUILIBRIUM CONSTANTS FOR THE REACTION

Rh(CNC 6H ,,)4~ + RhX 2(CNC6 H 11)4 ’ = Rh 2(CNC 6 H ,,)5 X22’

Dielectric -

Solvent Constant K(at 23 )
Dimethylsulfoxide 46.7 5.8 x lO~ X — I
Acetonitrile 38.8 4.7 x 102
Nitromethane 35.9 2.8 x lO~Acetone 20.7 3.2 x 102
Dichloromethane 8.9 <10

- 
Chloroform 4.7 <10

- ~~~~~ 
,
~ 

- 

Acetonitrile 38.8 2 x l0~ X — Br

- -  

— - —

~~~~~

— - - -
~~~~~~~

- - -
~~~~~~~~ 
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TABLE 3

INFRARED STRETCHING FREQUENCIES IN ACETONE SOLUTION

CN Stretching Frequency (cm ~
‘)

Compound R — cyclohexyl R — C4 H9 — n
Rh(CNR)4 4 2168 2181
Rh2(CNRhI2~

2 2214 - 2228
Rh2(CNR)5Br2~2 2220
Rh 2(CNR)5Cl2~

2 2220 - -

Rh(CNR)4I ,~~ 2227, 2205 -
- 

2239, 2-215
Rh(CNR)4I2~ 2239 - 2250
Rh(CNR)4Br2~ 2245 - - : 

- -

Rh(CNR)4Cl2 ’ 2250 
- 

. 
- - - 

- 

- 
-

Sin solid state as nujol mulls . - - -

data . TABLE 3 records the isocyanide-stretching frequencies of a series of rhodium
isocyanide complexes in different oxidation states. The CN-stretching frequen cy is
a sensitive probe of electron density at the metal centers. As rhodium increases
its formal oxidation state, the CN-stretching frequen cy increases because of re-
duced T donation from metal to ligand.

The products of Equations 3 and 4 are formulated as dimers with directly
bonded rhodium atoms. Although a number of crystalline salts containing these
cations have been isolated, no direct x-ray structural data are 

- 
available on these

systems. However, some related chemistry supports these structural assignments.
Dimeric Rh (I) species in which the metal centers are held closely by bridging
ligands undergo oxidation by halogen according to Equations ~_7~9.11 Of the
species involved

Ph 2~~~~~~~
2
~~ ’~ Ph 2 

2+ 

Ph 2p—~~~~~
2
~~~ pPh 2 

2+

1 c~~ I cN R I CNR I ~~~J~h~ Rh~ + X 2 —~ X-~~~h~ - ~~Rh~ —X
gNC~~ RNC I  RNC RNC I

Ph 2~~~~~~~~,,-~ Ph 2 ~~~~~~~~~~~~~~~~

VI 
- 

VII (5)

Ph2A
2’

~~ A$Ph 2 Ph2A{
2
~~~-A5Ph 2 

lih~~~ + X 2 - - ______

~

h

~~~~ 

(6)
Cl’ 0C~~ Cl’~ 0C~
Ph 2 Ph2~~.~~~~~~,.1’~Ph2 

- 
- 

-
~~

VIII IX

- ,
~~~~ — - - 

-

~~~

- ____ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -a
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- 

,
-

~~~~ 
2 + 

,

._.
~~~~~~~~ 2 +

I ~CN T)N I ~c~~T)N
,Rh Rh + X 2 — X-~ Rh -Rh—X (7)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

in these reactions, the structure of Rh 2(CO)2 Cl2(Ph2 AsCH 2 AsPh2)2 has been
determined crystallographically.9 The electronic and infrared spectra (CN stretch-
ing frequencies) of V, VII , and X are similar . - 

-

How do Rh(II) dimers of the type Rh2(CNR)8X22
~ form? The mechanism of

Reaction 4 is intriguing, since it occurs within the time required to mix reagents
and yet involves expulsion of a halide ligand from RhX 2(CNR)4 ’. The straight-
forward route for reaction via dissociation of a halide from RhX 2(CNR)4 4 ap-
pears to be unlikely if the rate of ligand loss from the complex is comparable to
the rate of ligand dissociation from other low spin d6 complexes. Rather we sus-
pect that reaction 4 may occur via a path that is related to the Pt(II) catalized
mechanism for substitution in Pt(IV) complexes. In the present case a key step may
involve the association of a rhodium(I) and rhodium (III) center via a linear halo
bridge (structure XI) as shown in Scheme I . This step could be followed by addi-

2+

X—~~Rh~~---X + 
“

~~~~~-

L~~ ~~L L~~ ~~L L~~ L
XI 

HS_
~~~~~

R(

X— ~~R( >(+  x X— ~~RhEX--~~R( >(
XII

L L~L L 24

S. . X—~~Rl(
z-~ .~~~~~~ L ’ ~ L I L L
.-‘ 

~~~~~~~~~~ 

SCHEME I.

—
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tion of a second Rh(CNR)4 ’ to create the Rh—Rh bond (structure XII) prior to
the loss of halide. In viewing this step the ability of Rh(CNR)4 ’ to self associate
should be recalled .

Some observations lend support to such a scheme. The data involve the types
of Rh(III) complex which react via Equation 4. All halo complexes of the type
zrans-RhX 2(CNR) 4 ’ (X = Cl, Br, I) react except when R = i-Bu. In this latter
case steric effects prevent the close approach of two rhodium centers. This is borne
out by the observation that (i-BuNC)4 Rh’ does not self-associate in acetonitrile
solution.8 The cations Rh(SR)2(CNR)4 (R — CF3 or Ph) do not react via Equa-
tion 4; this could be due to the inability of the bulky SR group to form a bridge
(structure XI) between two rhodium centers. Additionally CH 3 RhI(CNR)4 4 and

0

CH 3CRhCI(CNR)4 ’ are unreactive in Reaction 4. In these cases, although
bri dged interm ediates could be formed th rough the halo ligands, the alkyl or acyl
groups would not function as leaving groups to allow the reaction cycle to be corn-
pleted through ligand loss from XII. We are investigating the kinetics of Reac-
tion 4 in order to gain more definitive mechanistic information.

Oxidation of Rh(CNR)4 I with ~ mole of ‘2 produces a distinct new material
Rh(CNR)4 1,67 (or Rh 3(CNR),2 15). This crystalline material contains only ter-
minal isocyanide ligands as shown by the CN-stretching frequencies in TABLE 2.
This solid is violet, and it dissolves in most solvents to give transiently violet
solutions that become yellow-brown after varying times. These yellow-brown solu-
tions are mixtures of Rh(CNR) 4 ’, Rh 2(CNR)8 I22

~, and Rh12(CNR)4 4 governed 4
by Equilibrium 4. Evaporation of these - solutions reforms solid violet
Rh(CNR)4 1,67 . Despite its fractionally oxidized character , solid Rh(CNR)4 1,67
appears to be an insulator in compressed pellet form. Because of its complex solu-
tion chemistry, crystals suitable for x-ray diffraction have not been obtained. Al-
though Rh(CNR)4 l 167 may be prepared from [Rh(CNR)4j1 and 12 , it cannot be
prepared from [Rh(CNR)4 J BPh 4 and 12 or from [Rh(CNR)4~ )(BPh 4) and
[Rh 12(CNR)4J(BPh 4). These observations suggest that the violet form may con-
tain a coordinated polyhalide and the reversible reactions in solu tion between the
violet form and yellow-brown mixture of Equilibrium 4 represent reversible d cc-
tron transfer between rhodium and iodine.

PALLADIUM ISOCYAN IDES -

Palladium(II) forms a series of well-characterized , square, isocyanide corn-
plexes of which Pd(CNCH 3)42’ 21 is most important here. On the other hand,
palladium zero isocyanide complexes are structurally poorly characterized.22 We — - -

have chosen to generate pal ladium(O) isocyanide complexes designated as
Pd(CNR) X by the reaction of the readily prepared and easily handled olefinic com-
plex Pd2(dba)3 (dba is dibenzylideneacetone) with an excess of isocyanide ligand
in acetonitrile or dichloromethane solution. The resulting solutions of palla-
dium (0) isocyanide complexes are stable and useful for synthetic purposes, but
we have not succeeded in isolating the palladium(O) complexes which are present. - 

-

- Reaction of a 1:1 ratio of Pd(CNR)42
~ and Pd(CNR)~ produces Pd 2(CNR)624 in

__________________ _________________ ____ 
• — ——~~~~~~~~

-——.~~~~~~
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/

greater than 90% yield (8). The dication derived from methyl isocyanide has been
full y

Pd(CNR)42
~ + Pd(CNR)X —‘ Pd2(CNR)62 ’~ (8)

characterized by an x-ray structure determination.24 The structure, shown in FIG-
URE 1, consists of a short (2.53 1 A) Pd—Pd bond and only terminal isocyanides.
An analogous reaction (9) between platinum complexes produces a structurally

Pt(CNR)42
~ + Pt(CNR)X —

~~ Pt2(CNR)62’ (9)

similar platinum dimer. The palladium dimer is fluxional , but there is no evidence

I’

A 
-

FIGURE 1. The electronic spec-
trum of Rh(CNCH2C6H5)4PF6 in Bvarious solvents. The solvent con-
centration and cell-path length are 400 500 urn 600as follows: A, tetrahydrofuran , .01
F, 0.1 cm; B, tetrah ydrofuran ,
.001 F, 1.0 cm; C, chloroform , c
.01 F, 0.1 cm; D, acetonitrile , UJ

.Ol F, 0.Icm.

400 SOOurn 600

for fiuxional behavior in the platinum compound .~ The activation energy for
axial-equitorial ligand interchange in Pd2 (CNCH 3)62’ is 13.8 kcal/mole. The pro-
cess appears to be intraionic and may occur through electronic redistribution in
the Pd—Pd bond to give a Pd(O)—Pt(II) intermediate with tetrahedral geometry
at one palladium center and planar geometry at the other.

The bond strength in these palladium and platinum dimers must be consid-
erably stronger than in the case of the rhodium(II) dimers discussed in the pre-
vious section. No evidence of fragmentation of these cations into radicals has been
found. The mixed-metal derivative PtPd(CNCH 3)42’ is formed in high purity and

- - 
~~.

-
. 

- — high yield via Reaction 10. The fact that this mixed-metal species may be

._ t 
~~~~~~~~~~~~~

-- --~~~~~~~~~~
-

-
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Pt(CNCH3)42’ + Pd(CNCH 3)1 —‘ PtPd(CNCH3)62 ’ (10)

prepared essentially free of the homonuclear dimers Pd2(CNCH 3)62 ’ and
Pt2 (CNCH 3)62

~ and can be maintained pure in solution for periods of more than
a day, attests to the strength of the metal-metal bond.

Other Pd (I) dim ers can also be prepared by the reactions of Pd (II) and Pd (0)
species in the presence of appropriate ligands. Some examples are shown in equa-
tions I i  ~ and l2.~ Product XIII has been prepared previously from the

Pd2(dba)3 + 2PdI 2 + 8PhNC —‘ 2Pd2 I2(CNPh)4 + 3dba (11)

CH 2
Ph 2~ ~Ph 2

Pd2(dba)3 + 2Pd(NCPh)2Cl 2 + 2Ph 2 PCH 2 PPh 2 ~~~ 2C1—Pd Pd—Cl

Ph 2~ ’~~~ ~~~~Ph 2
CH 2
XIII (12)

reaction of the palladium(I) polymer [Pd(C0)C1)~ with Ph 2PCH 2PPh 2 and has
been characterized by an x-ray structural study.27

The most striking feature of the palladium(II)-palladium (O) reactions, how-
ever, is the ability to generate at least one other species by altering the ratio of
Pd(II) to Pd(0). Thus it is possible to prepare Pd3(CNCH 3)82

~ by either Reaction

C (2i~~~~~

N t23 (~~ C ieni
C~2J~~~~

C h I l l  N(S)
N(II C (1) 

C 8 l  Ch It) ~~~~~ C (W0
- - 

P0 (I) P0 (2)

C 15)
N~53

C t33 
C~~~I0

FIGURE 2. The structure of
C (3111 Pd2(CNCH3)52’ . (Reprinted with

permiuion from Doonan es ~~~ I2~

_ _  - - - - — -- - —i- —- . 5  - - - _ _ _
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PD P0(I) ~O(2 P

FIGURE 3. The structure of
Pd3(CNCH3)6(PPh3)22’ [Re- ir ~~ N(2)

~~~~~~~~

‘

~
g a7~~ 

perm ission fro m

13 or 14. Like Pd2(CNCH 3)62’, which forms the axially substituted
- 

Pd(CNCH 3)42’ + 2Pd(CNCH 3)X —, Pd3(CNCH 3)82
~ (13)

Pd2(CNCH 3)62
~ + Pd(CNCH 3)~ —‘ Pd3(CNCH 3)82

~ (14)

Pd2(CNCH 3)4(PPh 3)22
~ when treated with triphenylphosphine, Pd3(CNCH3)82’

also reacts with triphenylphosphine to yield axially substituted Pd3(CNCH 3 )6 •
(PPh3)22’. The last complex has been characterized by an x-ray structural study.
Its structure is shown in FIGURE 3•

7 The Pd—Pd distance (2.5921) in this linear
tripalladium species is only slightly longer than that distance in Pd2(CNCH 3)52f .
In other aspects as well, these two cations are structurally related. We are con-
tinuing to investigate the possibility of constructing longer palladium and platinum
chains by further alterations in the M(II)-M(O) ratio.
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I
DISCUSSION

HEIMO KELLER (University of Heidelberg, Heidelberg. Germany): What are the
arguments for this dimerization of the Rh(II) compound?

BALCH: The monomer formulation would not be diamagnetic; however , nmr
spectra and bulk susceptibility measurements indicate that the material is diamag-
netic. Also, the physical properties of the phosphine ligand bridged Rh(II) species
and Rh 2(CNR)8X22

~ are similar. Direct molecular weight measurements in solu-
tion are not useful , due to the partial dissociation of Rh 2(CNR) 8 X2 ’ into
Rh(CNR)4~ and Rh(CNR)4 X 2 ’.

[Note added Ia proof: Recent x-ray crystal structure results on (p-CH3C6H4NC)8.
Rh2 I22

~ establish the~~resence of the linear I— Rh—Rh— I unit. The Rh—Rh
bond length is 2.875 A (M. M. Olmstead & A. L. Balch. 1978. 3. Organometal.
Chem. l48,Cl5).J
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INTRODUCTION

The mixed-valence chemistry of platinum has been arousing the interest of
chemists for more than a century , even though it took a long ti me before the
mixed-valence character was recognized . As early as 1842, Knop ’ obta ined
copper-like crystals on oxidizing K 2 Pt(CN)4 with chlo rine.

In 1855 Schafarik 2 observed the formation of lustrous substances when han-
dling cyanopiatinates. The oxidation of K 2 Pt(CN)4 by HNO3 to copper-like nec-
dies was reported by Weselsky3 in 1856. Wilm 4 reanalyzed the oxidation product of
K2[Pt(CN)4J with chlorine and found a composition , K2[Pt(CN)4JCl033 11H 20.
In 1896 Werner 5 dealt with oxidation reactions on compounds K[PtC I3a] (a —

NH 3, pyridine) and K2[Pt(oxalate)2J.
The possibility of oxidizing Peyrone’s Chlor ide, cis-PtCI2(NH 3)2 with air was

reported in 1886, followed by a detailed study by Tschugajefl’ and coworkers 7’8 on
the ox idation reactions with 02, 03, S2052 , H 202. The reaction of Peyrone’s
Chloride with sulfuric acid yielding a black substance with incorporated sulfato
groups was observed by Drew 9 and rein vestigated by Gillard and Wilkinson. ’0
From crystallographic data , the compoun~ was assumed to have a Pt—Pt chain
with an intermetallic separation of 3.06 A. Cahen ” repeated the oxidation of
Peyrone’s Chloride by (NH 4)2 S208. The product is different from the one de-
scribed by Gillard and Wilkinson and contains , from ESCA measurements, two
kinds of platinum species. Different products form when the oxidation of
Peyrone’s Chloride is carried out in the presence of K2[PtC14J 5 or (NH 4)2 PtCI6.”
Coppery needles were obtained , the ESCA spectra of which show only one kind
of platinum. It must be noted that aLl the oxidation reactions of cis-PtCl2(NH 3)2
cited above work with the cis form of the complex only.

Oxidation reactions to (presumably) mixed-valence systems have been reported
with other platinum compounds, too, e.g. [Pt(NH 3)4J2~,’2 “MGS”[Pt(NH 3)4)-
[PtC l4J7”3 and PtenCl2.7 According to our present knowledge, two types of struc-
tures can form on oxidizing p latinum(II) compounds if the oxidation does not run
straight to Pt(IV). They are chains of directly interacting platinum atoms such as
in the partially oxidized tetracyanoplatinates,’4 or chains of alternating Pt(II)—
Pt(IV) species linked by bridging halogens, the Wolfram ’s Salt analogs. ’5 In the

sSupported by the Deutsche Forschungsgemeinschaft and by the Fonds der Chemischen
Indust rie. Manuscript received June 13 , 1977.
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latte r case, the two different oxidation states of the platinum atoms can be dis-
tinguished. The compounds are therefore to be grouped in class II of the scheme
for mixed-valence compounds proposed by Robin and Day.’6 In the former case,
only one kind of platinum can be found , mostly with a nonintegral oxidation num-
ber, and the compounds belong to class III of the mixed-valence scheme.

Aiming at the synthesis of new highl y anisotropic materials based on platinum
complexes, several questions must be answered: Which molecular features and re-
action conditions favor the forming of each of the two types of structures , and how
can the electronic interactions along the chains in each type of structure be en-
hanced? For that reason a systematic test of ligands and reaction conditions ,
crystallizing experiments , and x-ray investigations have to be carried out.

REACTIONS LEADING TO PT-HALOGEN-PT CHAINS

A series of compounds of the genera l composition Pt(a-a)2XY 2 was prepared ,
where X — Cl , Br , 1, Y — Br , I -, C104 and a-a is a diamino ligand. As ligands
we used 1 ,2-diaminoethane (en), I ,2-diaminopropane(dapn) , 2,3-diaminobutane-
(dabn), and l ,2-diamino-2 -methyl-propane(daibn). Some preparative procedures
and structural properties of C104 containing Wolfram ’s Salt analogues were re-
ported earlier. ’5 In the following we describe compounds with X — Br , I.

P t(dapn)2 Br3 is prepared from Pt(dapn)2C12 by pr ecipitating the chloride
ions with Ag20 and acidifying the basic solution with HBr. One half the aqueous
solution of Pt(dapn)2 Br 2 is oxidized with bromine to Pt(dapn)2 Br4. The two solu-
tions are poured together and evaporated in vacuo. The golden shiny residue is
dissolved in methanol and precipitated as a deep-blue powder by adding acetone.

Crystals suited for x-ray investigations can be obtained by a diffusion method
described by Guggenheim and Bahnck: ’7 the two halves of a U-tube are separated
by a Teflon ® membrane; a solution of the blue powder in methanol (and an
amount of acetone just not sufficient to cause precipitation) is filled into one half
the tube, and pure acetone into the other half. Afte r four to six days, golden shiny,
strongly dichroic platelets have formed.

P t(dabn)2 Br3 is precipitated from a solution of Pt(dabn)2 8r2 and Pt(dabn)2 Br4
in glycol by the addition of acetone. The green shiny precipitate becomes red and
then colorless on drying. The color change can be reversed by the addition of
acetone. Crystals could not be obtained.

P t(dalbn) 2 Br3, prepared by the above procedure, is a yellow powder that be-
comes red on drying in vacuo. Exposed to the air , it becomes yellow again.

P : (a-a) 213. The analogous reactions with iodine instead of bromine yielded
only brown to blue-brown powders with unsatisfying elementary analyses.

P t(dapn) 213. When the powder supposed to be mainly Pt(dapn)2 J 3 is dissolved
in methanol and several ml of n-butanol and~the solution allowed to evaporate by
standing (the butanol slows down the evaporation process), golden shiny, dichroic,
platelike crystals form together with a brown powder. X-ray structure analysis and
elementary analysis for iodine suggest that the crystals have the composition
Pt(dapn)2 I3.

The same procedure with “Pt(dabn)313” yields golden crystals, too, but these

—.~~~~~~~~~ ——
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are not suited for x-ray investigations. Starting with Pt(daibn)2 13, no crystalline
product forms.

PtenCl3. As already described by Tschugajeff ,7 cis-PtenCl2 can be oxidized by
(NH 4)2 S205 to a compound PtenCl3. The oxidation works only if several ml of
HCI are added; other acids have no effect. X-ray investigations show that the com-
pound belongs to the Wolfram ’s Salt type.

If Pt(dapn)Cl2 is used as starting material , two fractions of crystals can be iso-
lated: the unchanged Pt(dapn)C 12 and the Pt(IV) complex Pt(dapn)C 14. The same
observation can be made with Pt(dabn)C 12.

Pten 2 X 2 + CuX2, X — Cl, Br. The reaction of CuCl 2 on Pten2Cl2 was de-
scribed by Kurnakow ’8 to yield metallic shiny crystals. We repeated the reaction ,
using the chlorides and the bromides. In both cases we obtained needles, the
metallic appearance and the stability of the crystals being more pronounced
for the bromo compound. X-ray investigations showed the compounds to be iso-
morphic and to belong to the hexagonal system. They differ onl y in the length of
the c-axis, which is parallel to the needle axis. The length of c(lO.52 A for X — Cl ,
11.02 for Br) and the characteristic distribution of strong- and weak-layer lines on
rotating crystal photograph s make it probable that the compounds are analogs
of the Wolfram ’s Salt. A complete structure determination is being carried out
mainl y to obtain an explanation for the different EPR properties of the two com-
pounds (the chloro compound has a pronounced EPR signal that is missing for
the bromo analogue), and to determine whether —Pt—X——Pt — -—X — Pt—
or —Pt—X— Cu----X—Pt -chains occur in the lattice.

REACTIONS LEADING TO CHAIN STRUCTURES
OTHER THAN WOLFFR AM ’S SALT

Oxidation of cis-P :C12 (NH 3)2 . The oxidation of Peyrone’s Chloride by (NH4)2-
S205 to a black powder was reported earlier.7” Using a powdered sample of
Peyrone’s Chloride which has been recrystallized several times, crystals can be
obtained that allow the determination of the metal-metal separation by x-rays.
The distance was found to be 3.45 A, and two metal-metal separations give the
length of the unit cell in chain direction. Since the oxidation products of Peyrone’s
Chloride with (NH 3)2 S2O5 can be stabilized in solution with perchloric acid, we
investigated the influence of HCIO4 and other substances on the crystallizing prop-
erties and the structure of the oxidation product. The oxidation product was dis-
solved in an aqueous solution containing HCIO4, HBF4, K2IPtCI4J, or K2IPdC I4J .
Copper-like needles were obtained which , in the case of K2(PtC l4J, allowed the
determination of type of structure and of the metal-metal separation by x-ray
methods. In another experiment, cis-PtCI2(NH 3)2 was directly oxidized by
K2IPtCI6J . Analytical data listed in TABLE I , together with IR spectra, suggest
that the additional ions in the solution are not incorporated into the crystals. The
analytical findings show that the substances obtained have practically the same
composition. The data might be interpreted by a formulation of the compounds as
Pt(NH 3)2Cl~~(OH)~, where x varies from 0.27 to 0.7.

r~~;,
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TABLE I
ANALYTICAL DATA OF THE OXIDATION PRODUCTS o~ cls-PICI2(NH 3)2

WITH (NH 3)2 S208 OBTAIN ED FROM SOLUTION S CONTAINING ADDITIONAL IoNs

Conditions % Pt % Cl % 0 % N % H
Calculated for Pt(NH ,)2C120H 61.5 22.4 5.1 8.8 2.2
Prep. as in Reference 7 6l.6 8.0 2.75
From HCIO4 solution 57.9 23.9 6.82 8.4 2.17
From HBF4 solution 58.9s 7.8 2.2
From K 2[PtCl4l solution 61.6 24.6 4.33 8.15 2.27
Oxid. by K2lPtC l6) in HCI solution 59.87 25.51 4.23 8.17 1.98
Oxid. by K 2(PtC I4I in HCIO4 solution 62.3e 7.64 2.16
Cahen’s product ” (oxid. by (NH 3)2 S203) 61.6 21.5 5.1 8.0 2.45
Cahen’s product ” (oxid. by (NH 3)2(PtCl6l 25.4 8.1 2.1

Residuc from N ,H determination.

X-ray investigations of the crysta~s from the solution containing K2 [PtCL)
show that the compound crystallizes in a columnar structure with a metal-metal
distance of 3.06 A, the length of the unit cell in chain direction comprising four
metal-metal separations.

Analogous reactions were tried , starting with cis-PtBr2(HN 3)2, but no mixed-
valence product could be isolated.

X-RAY INVESTIGATIONS

Some of the x-ray results , especially for the oxidation products of Peyrone’s
chloride and its bis(l ,2-diaminoethane) analog as well as for the reaction of
Pten2 X2 with CuX 2, have been given in the preceding sections. This section will
deal with structural problems we have encountered with the Pt—halogen—Pt
chain compounds. TABLE 2 contains some crystal data of the compounds investi-
gated.

The compound [Pt(en)2J[Pt(en)28r2J(Cl04)4 was characterized by us earlier as
belonging to the monoclinic system . Using a crystal from another preparation for
the collection of intensity data, we found the crystal to be orthorhombic with the
lattice parameters given in TABLE 2. Nevertheless, the unit cell axis parallel to the

TABLE 2
CRYSTAL DATA OF SOME COMPO UNDS WITH Pt—H ALOOEN—Pt CHAIN

Pt—Pt
Possible Separation

Formula a(A) b(A) c (A) Spacegroups (A)
(Pt(dapn)2J(Pt(dapn 2)Rr 2J Br4 5.359 6.882 19.788 lmm2, 1222 , 5.359

I2 1212 1, Irnmm
IPt(dapn)211P1(dapn2)I21(CIO4)4 5.726 7.609 19.644 Pmc21, Pmma 5.726
[Pt(en)2)IPt(en2)Br 2)(Cl04)4 lO.982 10.18 14.31 5.491
(Pgdapn)23l 3 5 770 7 300 19 981 Pnm2, Pnmm 5 770
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Pt—Br—Pt chains have the same length for both modifications. The length cor-
responds to two metal-metal separations, whereas normally an axis corresponding
to one metal-metal separation is found. ’5 In the latter case diffuse layer lines be-
tween the Bragg layer lines indicate a one-dimensional superstructure along the
Pt—X—Pt chains which comprises two metal-metal separations. This is normally
due to a disorder in the halogen positions , which could be easily detected in the
structure determinations described in the literature (references are given in TABLE
3). The determination of the structures of the four compounds in TABLE 2 suffers
from two difficulties which seem to be new for this class of compounds: although a
structural disorder is indicated for the compounds with the “short” unit cell by
diffuse layer lines, we are not able to find , from Patterson or Fourier syntheses, the
two half-occupied halogen positions typical for Wolfram ’s Salt compounds. (The
structure determination for the compound with the “large” un it cell , L Pt(en)21-
[Pt(efl)2Br2J(ClO4)~, has not yet adva nced far enough to arr ive at the same prob-
lem). Instead of that we run in a disorder problem connected with the ligand dapn:
With the exception of [Pt(dapn )2J [Pt(dapn)2Br2JBr 4, if the space group 1222 is as-
sumed, the platinum atoms occupy positions the point symmetry of which is either
higher than the symmetry of the complex molecule or, when the Pt atoms occupy a
crystallographic “m” position , the complex molecule has no possibility of having a
mirro r plane coincide with the crystallographic one. Therefore , in order to fulfill
the symmetry requirements, a disorder of the complex molecules has to be as-
sumed. Though the occurrence of a Pt—halogen—Pt chain is quite evident , the
complete stru cture could not yet be evaluated because of the disorder problem.
Further calculations are in progress.

DISCUSSION

The platinum complexes, the oxidative behavior of which was studied in this
work , can be divided into three groups:

I . cL,-Pt(NH 3)2X2, X — C1,Rr;
2. cls-P t(a-a)X 2, a-a — a diamino ligand , X — Cl , Br , I;
3. Pt(a-a)2 X2.
All of them can be oxidized to mixed-valence systems. The ease of the reaction,

the possibility to isolate characterizable products and their structures depend
mainly on the ligand.

The oxidation products always have chain-like structures, either with direct
Pt-Pt contacts or with bridg ing halogen atoms, the latter ones being related to
Wolfram ’s Salt. In our investigations we.always obtained metal-halogen-metal
chains when the complex molecule contained bidenta te diamino ligands, inde-
pendent from the way of the preparation: by oxidation with S20,2 , Cu 2’ , or by
adding a Pt(IV) compound. The chance of isolating characterizable mixed-valence
systems depends on the halogen: It decreases with increasing atomic number of the
halogen.

Nevertheless , in the cases where we expected products with a Wolfram ’s Salt
type of structure, we worked with bromides and iodides, for , as stated earlier,’5 the
electronic interactions along the chains increase with increasing size of the halo-
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gen: The metal-metal separation depends mostly on the bridg ing halogen , increas-
ing with its size.

But this increase is completely due to an elongation of the Pt(IV)—X bond;
the length of the Pt(fl)——X charge transfer bond remains nearly constant. This
leads to a more pronounced overlap of the electronic systems of the metal and the
halogen. This increased electronic interaction is shown by the variation in color
(normally, Cl-compounds red or grass-green; Br , shiny dark green , I, golden
metallic) and enhanced reflectivity . For comparison , crystallographic findings of
the compounds of this type are summarized in TABLE 3, where it is interesting to
note that the compounds [Pt(NH 3)2X2J [Pt(NH 3)2 X4J are the trans forms, whe reas
complexes with bidcntate ligands must have cis configuration. Wolfram ’s Salt
analogs of cis-diamminedihalogen complexes with monodentate amines seem not
to exist.

We found an unusual short metal-metal separation in the compound (Pt-
(dapn) 2)[P t(dapn) 2 Br 2J Br 4. It amounts to 5.359 A, instead of, normally, 5.55—
5.60 in other Pt—Br—Pt systems. Therefore, there are stronger electronic inter-
actions along the chain , which ma n ifest themselves in the golden metallic ap-
pearance of the crystals. The difficulties of finding split bromine positions and the
disorder problem of the ligand have been mentioned previously.

The reaction products from Pten 2X 2 with CuX 2, X — Cl , Br may have , from
the unit cell length in chain direction and from the characte ristic distribution of
weak and strong layer lines, a Wolfram ’s Salt-like structure , too, where the length
of the unit cell corresponds to two metal-metal separations. The metal-metal sep-
arations fit well with the separations normally found for these compounds , but two
observations are noteworthy: The compounds belong to the hexagonal system, and
both have a golden metallic appearance. At present it cannot be discerned whether
the usual —Pt—X——- Pt ---—X—Pt— chains or —Pt—X — Cu—X—Pt - -—
chains occur in the lattice. An x-ray structure anal ysis to an swer this question is i n
progress.

How strongly the formation of halogen bridged chains is favored in the pres-
ence of biden tate diam ino ligands is demonstra ted by the oxidation of cis-PtenCl2
by (NH 4)2 S205. The reaction works only in the presence of HCI , which provides
the additio nal chloride for the Pt—Cl——Pt chain. Acidifying with other acids,
e.g. H 2 SO4, does not lead to an identifiable oxidation product.

From these findings we may dra w the conclusion that the oxidation of Pt corn-
plexes with bidentate diamino ligands leads to Pt—halog en—Pt chains.

Different solids are formed on the oxidation of c/s-PtCl2(NH 3)2 . The struc-
tures obtained depend on reaction conditions and on additional ions in solution.
The primary oxidation product of Peyrone’s Chloride with (NH 4)2 S205 was for-

t mulated by Tschugajeff & Tschernjajeffe 7 as PtCl2(OH)(N H 3)2, and Robin and
Day ’6 suggested a formulation (Pt(HN 3)2Cl2(OH)2J(Pt (NH 3)2 CI 2J with a Wolf-
fram ’s Salt-like structure. In crystals of this compound we found a chain structure
with a Pt—Pt distance of 3.45 A, which is not possible for a linear Pt—X—Pt
chain. On the other hand , the distance is longer than that of the unoxidized start-
ing compounds (alternately 3.372 and 3.409 A 19), and an elongation of a direct
Pt—Pt bond has never been observed upon oxidation. Wc therefore suggest that
the compound does indeed have a bridged chain structure , but with nonlinear
bridges.
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When the oxidation product is crystallized from a solution containing [PtC l4j 2 -
or [PdCI4J 2 ions, a structure results with direct Pt—Pt contacts of 3.06 A and
a unit cell length of four Pt—Pt separations. This is exactl y the result found by
GiUard and Wilkinson ’0 for the oxidation product of cis-PtCl2(NH 3)2 with sul-
furic acid. They report that their product contains the sulfate group, which is ob-
viously impossible in our case. Our findings are in agreement with Cahen ’s re-
sults.1’ On oxidizing Peyrone’s chloride with (PtCl6J 2 he obtains a solid which
contains, from ESCA measurements, only one ki nd of plat inum atoms wit h a
Pt—Pt separation of 3.04 A.

These results lead to the conclusion that two different structures can be ob-
tained on oxidizing cis-P tC I 2 (N H 3) 2 : a chain structure with Pt—Pt distance of
3.45 A and probably with nonlinear Cl or OH bridges and Pt atoms in different
ox idation states, or a class III linear chain mixed-valence compound with Pt—Pt
distances of 3.06 A.

After all the puzzling details there remains one question: What governs the dif-
ferent chemistry of cis and trans complexes and of complexes with monodentate or
biden tate ligands? The di fferen t behavior seems quite u nreasonable for a chemistry
in solution. Therefore, we assume that it is the free lattice energy which determines
the type of solid formed: The solubility is lowest if the latt ice energy is highest,
and you will get a Wolfram ’s Salt analog in cases where its solubility is lower tha n
that of the Pt(II), the Pt(IV), and the species with direct Pt—Pt interactions.
Directly interacting Pt chains will form if their solubility is the lowest one. In other
cases, oxidation of Pt(II) compounds will onl y y ield Pt(I V) species without a pre-
cipitation of a mixed-valence compound. If the free lattice energies and the free
enthalpies of solvation could be exactly evaluated , a prediction of the type of solid
formed on oxidizing Pt(II) complexes would be possible.
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SPECTROSCOPIC AND STRUCTURAL STUDIES
OF MIXED- VALENCE LINEAR-CHAIN
TR ANSITION-METAL COMPOUNDS

R. 1. H. Clark
Christopher Ingold Laboratories

University College London
London WCI H OAf , United Kingdom

BACKGROUND AND STRUCTURAL INFORMATION

Mixed-valence compounds of class H (using the scheme proposed by Robin
and Day ’) comprise the category of such compounds in which the two different
valences remain firmly trapped with distinguishable sites but in which there is
suffi cient overlap between orbita ls on adjacen t metal atoms, presuma bly via the
intermediacy of the intervening s and p orbitals of the bridging halogen atoms, to
permit electron transfer between the two sites. Such compounds typically display
in tense, broad absorption bands in the visible or near-infrared regions which are
due to intervalence charge-transfer transitions.

Resonance Raman spectra are obtained when a molecule in the vapor state
at high pressure or in a condensed state is irradiated with an exciting beam the
frequency of which falls within the contour of an electronic band of the molecule.2
When the electron ic tra nsition is allowed, the resonance Raman spectra are char-
acterized by a large enhancement to the intensity of certain Raman bands (often
those arising from totally symmetric fundamentals) and also, in many cases, the
appearance of high-intensity overtone progressions in one of the totally symmetric
modes. The technique thus provides detailed information about the chromophore,
because it is only vibrational modes involving atoms at the absorbing centre in
the molecule that display the effect. The intensification of some Raman bands can
be so great that compounds at concentrations of 3 x l 0 6  M in water can be
detected. The technique has thus attracted considerable attention in biological
circles, and much information relating to the chromophoric centers of molecules
such as cytochrome c and hemoglobin has been obtained .3 The technique is also
being used for the remote sensing of small amounts of atmospheric pollutants such
as NO 2 and 03 .

Of more fundamental interest is the way in which the technique is being used
to probe the nature of the resonant excited state in structurally simple inorganic
species.4 Very striking resonance Raman spectra have been obtained by irradiating
high-symmetry (D4h) ions within the contour of the lowest allowed, and axially
polarized absorption bands in each case. Examples include the studies on the
[Mo 2 Cl1J 4 ,3 [Mo 2 Br sJ 4_ ,b [Re 2 Cl,J 2~,7 (Rc 2 Br sJ 2

~,7 (Ru 2 OCl ,0J4 ,5 an d other
[M20X ,0J ’~~

9 species , for which long progressions have been observed under
resonance Raman conditions in the metal-metal or metal-oxygen-metal symmetric
stretching mode.

Ma nuicript received June 17 , 1977.
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The intensity enhancement is considered to take rlace by two ~
First , the single-state mechanism which concerns vibration~ I modes whose poten-
tial surfaces are displaced in the excited state, this leading to intensity enhance-
ment of a totally symmetric mode and its overtones; and second, a two-state
mechanism in which enhancement occurs to modes active in vibronic coupling of
the reson ant (~~) and one or more higher lying excited states ~~~ The modes en-
hanced by this mechanism belong to the irreducible representations contained in
the direct product representation ~~~~~~~ 

thus nontotally symmetric modes may be
enhanced by this mechanism.

The main thrust of the research on mixed-valence compounds in this area is to
investigate the natu re of any resonance Ra ma n spectra obtai ned on irradiati ng
mixed-valence halogen-bridged compounds within the contour of the mixed-
valence absorption band. We anticipa te that the single-state mechanism will
dominate, since in the excited state an electron has effectively been transferred
from one metal atom site to another , leading to substantial changes in the axial
bond lengths.

Of the many mixed-valence compounds of class II known , we have concen-
trated our attention recently on the halogen-bridged chain compounds of platinum
with the genera l formu lae

[Pt 11 L4][Pt ” L4X 2J X 4 (type A)

[Pt ”L 2 X 2 )[ Pt”L2 X41 (type B)

(Pt ” (L-L)X 2 j [pt lv( L_L)X 41 (type C)

and we hope to extend the investigation to include other types of compound
such as

K2(Pt 11LX 3J [Pt ’ LX 5] (type D)

A schematic representation of the structures of these compounds is given below:

L L L
Lj  ii L~~ iv Lj  ij

•..• Pt •••••• X—Pt—X •• • • • •  Pt •.• • • •  (A)
I~~L I~~~L

L L L

where L — ethylamine or propylamine (positively-charged chain)

L L L
X j  II X .j iv X .j ii

••••  Pt ..~ ••.... X—Pt Z X  •• Pt .~ (B)
I x  I x  I x
L L L

where I — ammonia (neutral chain)

• . S .  • .S . . .  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

X_~ j~~\~ 
“ (C)

_ L—
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where L — 1,2 diaminoethane or 1,2-diaminopropane (neutral chain)

L L L
X .j Ii X .,j iv X j  ~Pt X—Pt—X Pt (D)

Lx  fl~x L~xx x x
where L — ammonia (negatively charged chain—structure not yet fully deter-
mined.)

The classic examples of type A are Wolffram ’s red (L — ethylamine , X Cl)
and Reihlen ’s green (L = ethylamine , X = Br), ” (FIGURE 1), while type D (L —

ammonia , X — Cl) is thought to be a variant on Cossa’s red salt .’2
In all cases, the two metal-atom sites are structurall y disti ngui shable, but may

be interconverted by a concerted movement of the ax ial halogen atoms in phase
away from the pla t inum (IV) atoms toward the plati n um (Ii) atoms.

f 3 1 9 A
FIGURE 1. . Structure of the linear-

chain mixed-valence compound (P01.
(C2 H 5 NH 2 ) 4J (Pt t

~’(C2 H 5 NH 2) 4 8r 2 J .
Br4. Alternate PtN 4 units are staggered
by 37’ with respect to each other in the
anhydrous complex (as shown), but
eclipsed in the hydrated one.

4 07A
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Although there are no direct metal-metal bonds in these complexes, they are
strongly dichroic and have a variety of highly anisotropic properties. Thus , their
electrical conductivity is typicall y about 300 times greater in the direction of the
chains than in the perpendicular directions. ’3 They are thus considered to be one-
dimensional semiconductors. A hopping process has been proposed for the con-
ductivity of these complexes at ambient pressures,’4 although at high pressures this
localized process may give way to a band-type conduction process because the
metal d~2 and ligand p~ orbital interactions increase under pressure. ’~ Attempts
to remove the bridg in g halogen atoms with AgClO4 or HCIO4, and so to obtai n
compounds with direct metal-metal bonds , have so far been unsuccessful ,’6 anion
exchange taking place only to the extent of the interchain anions; i.e., to prod uce
(Pt(L-L)2][Pt(L-L) 2 X2](CIO4)4 , with L-L 1,2-diaminoethane or l ,2-diamino-
propane and X Cl, Br or I. X-ray investigations have shown that the long axis
of such crystals is parallel with the metal-halogen-metal chain. The Pt~~~Pt 1”
dista nce is foun d to be, for a given halogen atom , rather independent of the nature
of the equatorial groups and to depend mainly on the size of the halogen atom
and possibly on the counterions and water content of the lattice. The increased
Pt~_Pt W distance with larger halogen atoms (chlorides 5.27 A , bromi des
5.60 A , iodides 5.92 A)  is a consequence of increased Pt 1”~~X distances
(Pt W~~Cl 2.09 A , Pt ”—Br 2.42 A , Pt”—I 2.74 A), there being virtuall y
no cha nge in Pt ” X distance (3.18 A) (averages of a variety of x-ray crys-
tallogr aphic data , some of which are included in TABLE 1).

EXPERIMENTAL TECHNIQUES

The m ain di ffi culties to be ove rcome when t ry ing to measu re resonance
Raman spectra lie in (I) the elimination of thermal decomposition of the sample
and , in the case of liquids or solutions , of the thermal lens effect (which interferes
with the effectiveness with which the laser beam can be focused in the sample);
(2) the making of corrections to allow for absorption processes occurring at the
same time as the scattering processes; and (3) the elimination of fluorescence anJ
photolysis.

The first difficulty may be largely overcome by spinning the sample rapidly
(at ca. 2000 rev . min ’); the sample may be in the gaseous, liquid , or sol id
states.4~

7 Alternative devices have also been developed that allow the incident
laser beam to scan rapidly over the surface of a solid or liquid , either in a circular
or a linear path. in all casCs, the object of the procedure is to try to ensure that a
molecule is held at the focal point of the laser beam for the least possible time.

Difficulty (2) is not easily overcome, except by reducing the path length of the
scattered beam to the absolute minimum , since accura te measurement of the
effective path length is nearly impossible for deeply colored scattering materials.
Raman difference spectroscopy offers possibiliftes for solving these problems. ’7

Photolytic effects seem also to be reduced by sample spinning procedures, but
the effects of fluorescence can be effectively removed only by time-discrimination
procedures. The technique involves excita tion of a sample with a pulsed laser , the
pulse duration being of the order of nano- or picoscconds, together with time-
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adjusted gate electronics to perm it temporal resolu tion of the resona nce R aman
spectrum from the fluorescence spectrum. Rejection of even short-lived fluores-
cence by more than three orders of magnitude from the Raman scattering has
been achieved.

All resonance Raman spectra reported in this article have been obtained either
on the powdered solids (in some cases diluted with a suitable Raman intensity
standard such as K 2 SO4) or on alkali halide discs of the mixed-valence compound;
the samples have been rotated at ca. 1500 rev min 1. Some spectra have been
recorded for samples held at liquid nitrogen temperatures.

All compounds have been prepared by standard procedures. It should be
noted that in many cases the mixed-valence compound can also be prepared by
grinding together the p latinum(II) and plat inum(IV) constituent species in the
solid state. In particular , it is essential to prepare discs of the mixed-valence
compounds with the appropriate alkali salt; otherwise, not only does exchange
take place between the interchain and matrix anions but also between the intra-
chain and matrix anions. 

-

RESONANCE RAMAN SPECTRA

The infrared spectra of mixed-valence compounds of Class Ii characteristically
correspond closely to the superposition of those of the constituent species. The
resonance Raman spectra , however, do not. Use of an exciting line whose wave-
length falls within the contour of the mixed-valence transition leads to a Raman
spectrum dominated by the band associated with the s~,(X—Pt ”-----X) symmetric
stretching fundamental , together with its associated overtone progression. This
intense resonance Raman spectrum usuall y completely overwhelms the rest of the
spectrum , although in some cases other weak progressions are also seen, based on
one quantum of another Raman-active band. The progression-forming mode is
still , however, the r ,(X—Pt ”—X) mode in each case.

Initial studies on a wide variety of mixed-valence compounds of platinum ,’8
palladium ,’8 antimony ’9 and lead ’9 led to a very detailed investigation of
WolfTram ’s red [Pt ”etn4j[ Pt”etn4 Cl2JCl 4.4H 5O, etn — ethylamine,2° and its
bromo counterpart , Reihlen’s green.2’ Single-crystal electronic spectra of these
compounds indicate that the broad mixed-valence transition at ca. 21000 cm ’
(chloride) and ca. 18000 cm~ (bromide) is polarized parallel to the chain axis.~~

23
Irradiation of Wolfram ’s red with an exciting line which falls within the con-

tour of this band leads of the appearance of one extremely intense overtone
progression based on the symmetric stretching fundamental ~,(Cl—Pt ”-—Cl) at
316 cm~~

1 plus a few other very weak features. The progression can be observed as
far as 9w , when measured at room temperature and with 514.5 nm excitation , but
recent studies~’ have indicated that it can be observed as far as 16w , when the
sample is held at liquid nitrogen temperature. Several other much weaker progres-
sions can be identified in this spectrum, in all of which it is v~ which acts as the
progression-forming mode. The spectacular nature of this spectrum is illustrated
in FIGURE 2.

All other mixed-valence linear-chain compounds of platinum , involving halo-
gen bridges, studied so far have been found likewise to display resonance Raman

-r -. -~~~~- • - - •• -~
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spectra in wh ich the main featu re is the overtone progression based on the
v~ (X_pt lv_X) symmetric stretching fundamental. Some results are summarized
in TABLE 2.

The observation of a large number of overtones of a totall y symmetric funda-
mental , v1, of a molecule under resonance Raman conditions makes it possible to
determine the harmonic frequency (w,) and certain anharmonicity constants ~~
and X 1j . The w 1 and x 11 values may be determined by standard procedures4
from the slope and intercept of the v(v , ) / v , versus v1 plot (v , the vibrational
quantum number of the progression-forming mode). The cross terms X jj  may be

I I I I I I I I I

v, —16 IS 14 13 12 II JO 9 8 7 6 5 4 3 2 I

t

+ ~(C—N)’
I I I I

5000 4000 3000 2000 1000 - 0
Wavenumber / cm~

FIGURE 2. Resonance Raman spectrum of Wolfram ’s red, (Pt”(C2 H5 NH 2)41 .
(PtIv(C2H 5NH 2)4C121C14 .4H 20 at ca. 80K. Exciting line, 514.5 nm Ar + , spectral slit
width I cm -~.

determined, by similar procedures, only if further progressions in the v , mode,
based upon one quantum of another mode vj ,  are observed in the resonance
Ram an spectrum .

A summary of the w1 and x1, values determined as above for the mixed-valence
linear-chain compounds of platinum studied are included in TABLE 2. The x,,
values are invariably small , and become even smaller when measured for samp les
pressed into an alkali halide disc and held at liquid nitrogen temperatures. Under
the latter conditions, the x1, values averagc— l.l , —0.3, and ca. 0 cm ’ for the
chlorides, brom,des, and iodide studied Thus, in common with other molecules

- 

•

—U- 
~~~~~~~~~~~~~~~~~~~~~ . 1 -  — ------ - 

‘__ _-I
__ -

_
- ~~



- -

~ 680 Annals New York Academy of Sciences

~1

,.: 
~0 — 0 0 0 0  o d ó o o O e .J

i i  ..
a

~~~~~~~~~~~~ 4 ~~ •~~~ .~~

Is
~~
. 8~~ ~ ~~~~

~i 
v-~~~~ I~~~~I ~~~~~~~ ~ g

II.o 0 e v -  oo e-i o ~ .E 0
g ~

~ I I
‘ - M w  t~ t~~i~ t h u

~ § §~ ~~~~~~~~N N w’~ I I e - ’~
8 v v  ~~~~~~~~~~~~~~

§ 
~ ~~~~~~~ ~~~.E ~

~ 2
t

9. 9. . ~ i~~~i
— 

8 Jj 8 ~--7 1 .:~ 
~~~~~~~~~~ .~~~~~~ .

~ 
•
~~ mao L ~ ~L ~UIi .i1i~1ii

- 
-

, 
L I E

- - •

_ _ _ _  

I—U- 
- - -

- ‘-— . 
.- - --- -



Clark: Spectroscopic and Structural Studies 681

and ions found to display the resonance Raman effect ,4 the fundamental displaying
the long progression of overtones is mechanically virtuall y harmo nic.

EXCITATION PROFILES

Plots of the frequency dependence of the scattered intensity of a Raman band
arising from a fundamental or its overtones are known as excitation profiles .
These profiles are beginning to assume an important role in resonance Raman
studies, because they appear to indicate clearly which fundamentals of the scatter-
ing molecule are coupled vibronically with which electronic transitions. For totally
symmetric modes, the exciting frequency for maximum resonance enhancement to
the Raman intensity (Stokes band) need not coincide with either the pure elec-
Ironic transition frequency , w~ , or with v~ + i’~~~, where v is the value of p 1 in the
resonant excited state. Indeed , the simplest theories predict that it should maxi-

-: mize at the Franck-Condon maximum ,~ and in practice it seems to do so.4
The plotting of excitation profiles has really become possible only since the

introduction of tunable dye lasers and a variety of efficient lasing dyes. Only in
- -~ this way has it become possible to obtain a sufficient number of points to be able

to plot an excitation profile closely. The most commonly used and most efficient
dye for this purpose is rhodamine 60 (tuning range 575—640 nm , maximum out-
put 4 W at 600 nm for a 21 W argon ion pump, operating all-wave), but other
dyes are also commonly used now, viz rhodamine B (6 15—665 nm), rhodamine 110
(550— 590 nm), sodium fluorescein incorporating cyclooctatetraene (540—590 nm),
and several different coumarins (430—550 nm). Many of the coumarins are, un-
fortunately, not only very short-lived (ca. 48 hr) but highly expensive. Other dyes 4(e.g. nile blue or cresyl violet) can be used to provide tunability in the near
infrared , though with relatively low efficiency . Raman band intensities are deter-
mined as band areas relative to the band area of a standard that shows no
resonance enhancement in the frequency range under study (e.g. the O~ bands of
Cl04 ,  dO 3 - or SO42

~ ions). -

Excitation profiles for the a’,(X—Pt ”—X) symmetric stretching fundamental
• have been measured carefully for a series of mixed-valence compounds, and the

maxima are listed in TABLE 2 together with the maximum (by diffuse reflectance
or transmission) of the mixed-valence band in each case. Excitation profiles for
the Pj bands of Wolfram ’s red2° and Reihlen ’s green 2’ are shown in FIGURE 3.
They are typical of the excitation profiles of the v~ bands of all the mixed-
valence linear-chain compounds studied so far, in that all reach a maximum —

several thousand wave-numbers to the low-freq uency side of the maximum of the
broad mixed-valence band. This feature of the excitation profiles is not typical, as
indicated earlier, of excitation profiles in general. Thus the results suggest either
that there is more than one axially polarized mixed-valence transition of the
d,2 (Pt ”) — d~ (Pt ~ ) sort in a chain polymer (FIGuRE 4), and that the resonance
enhancement of v~ is specifically determined by the lowest of these, or that the
excitation profiles are a consequence of destructive interference~ between different
terms in the expression for the scattering tensor. This matte r is under active study,
and remains to be resolved. Circular dichroism studies on the complexes
(Pt(R-pn),j [Pt(R-pn)2 X2J(Cl04)4 , X — CI or Br, are currentl y under investiga-
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•.•  ExcItation Profile
- for 316 cart

• 
.
.
~~~~ Raman band

• 

- Reihien’s Green
- 

____ Diffuse Ref lectance

•.. Excitation ProfIle for
79 an ’ Roman bond

I I I I I I I I I I I I I I I I I

30 25 20 15
Wavenumber / 10~ cm”1 

•

FIGURE 3. Diffuse reflectance spectra of Wolfram ’s red and Reihlen’s green together with
excitation profiles for the 316cm — ‘ band of the former and the 179 cm-1 band of the latter.

tion 24 in a search for multiple electronic transitions under the envelope of the inter-
valence charge-transfer bands. If successful , information on the interactions be-
tween the various component transitions could be extracted.

It is considered that , of the various fundamentals of a scattering molecule,
the one which displays the resonance Raman effect is that which is capable of
transforming the molecule from its ground-state sterochemistry to its excited-state
sterochemistry. In the case of the mixed-valence compounds under discussion, the

- - coordinate effective in this respect is clearly the w,(X — Pt1”---X) symmetric
,.i

~ 
stretching mode, in agreement with the resonance Raman observations. Moreover,
this normal coordinate seems to be related to the halogen movements involved in
the proposed hopping process for the conductivity of these linear-chain mixed-
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/ d,r&y2(big )

/ d1a_,a (b,,)
I

0~,2 ~~~~~ \ \~
/ ,—~~~~ 

~~~ 4~(b~,I

~~ \. , 

Sd

4~ry (b2g) B

[Pe”(C2H,NH214 j
24 [Pt”(C~H5NH2)4X2J24

Fiouns 4. Qualitative representation of the relative d-orbital energies in the constituent
ions of Wolfram’s red and Rcihlen’s green, and of the lowest axially polarized mixed-
valence charge-transfer transition PtiV(d 2) — Pt II(d 2) (ignoring the chain nature of the
complex and the effects of the , and p orbitals of the intervening halogen atoms).

valence compounds. ’4 The chain halogen atoms would need to move on average
0.54, 0.38 and 0.22 A for chlorides, bromides , and iodides, respectively, in order 3
to reach the point midway between the two platinum atoms, i.e., to the situation
of a platinum (Ill) chain. These values differ only by a factor of about two from the
mean square amplitudes of vibration of the ,s’1(X—Pt ”——X) vibration , in the
p1 — 16 states; these are calculated to be 0.22 A for X — Cl (w, — 319.5 cm ’)
and 0.20 A for X — Br (w, — 179.6 cm

The above distance changes are also similar to those estimated on the basis of
the theory of Mingardi and Siebrand ,27 which relates the relative intensities of
different members of the overtone progression to the shift in the equilibrium
X_Pt i’~_X bond lengths on excitation of the molecule from the ground to the
resonant excited electronic states. The ratio I (2v , )/J (‘i )  is about 0.5 at room
temperature for the compounds under discussion , but increases as the temperature
is lowered, reaching 1.1 at liquid nitrogen temperatures for Wolfram ’s red
(TABLE 2). There is, however, some difficulty in applying the theory to the com-
pounds under discussion, owing to our lack of knowledge regarding the origins
of the mixed-valence charge-transfer transition in each case.

CONC LUSION

— 
• 

The mixed-valence linear-chain compounds of platinum display extremely in-
- - 

-
~ 
.~ tense resonance Raman spectra on their being irradiated with an exciting line

whose frequency falls within the contour of the mixed-valence band. This has
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permitted the determination of the speetroscop ic constants w1 and x11 for the
v , (X — Pt ”—X) totally symmetric breathing mode of each species studied. Addi-• tional but much weaker progressions, also involving the X—Pt ”—X mode as the
progression-forming mode, have been observed in certain cases, and analysis of
the appropriate band maxima then leads to the determination of cross terms x~1.
The excitation profiles of the v~ bands invariably reach a maximum several thou-
sand wave-numbers to the low-frequency side of the maximum of the mixed-
va lence band, but the reason for this has not yet been established for certain; it
seems likely that the mixed-valence band is the envelope of more than one transi-
tion , and that the excitation profiles specifically resolve the lowest of these
(possibility that associated with the shortest P t ”(d ~2) ~ — Pt~ (d~2) hopping process,
as illustrated in Figure 5a of Ref. 14) from other allowed axiall y polarized transi-
tions. The great intensity of the progression in v~ (X~~ Pt 1”~~X) observed under
resonance Raman conditions provides a sensitive and rapid method for de-
tecting the -formation of new linear-chain halogen-bridged mixed-valence com-
pounds.
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A CRYST A LLINE PLATI N UM BLUE : ITS MOLE CUL A R
STRUCTURE , CHEMICAL REACTIVITY , AND

POSSIBLE RELEVANCE TO THE MODE OF ACTION
OF ANTITUMOR PLATINUM DRUGS*

Jacqueline K. Barton and Stephen J. Lippardt
Department of Chemistry

Columbia University
New York. New York UX127

BACKGROUND: THE ANTITUMOR ACTIVITY OF
C !S-DIC HLO R OD IAM M IN EPLAT INU M ( 11) AND ITS BINDING TO DNA

AND ITS CONSTITUENTS

The simple inorganic complex cis-dichlorodiamminep lat inum(lI)  (DDP) in-
hibits the division of bacterial cells with little effect on

CL~ ,NH 3 H 3N~ ~ Cl

CI~~
Pt

~~NH , Cl~~~~~ NH ,
cis-DDP trans-DDP

thei r growth . 1.2 
~ was subsequently shown that DDP has substantial antitumor

activity on a wide variety of animal mali gnancies.3 These findings stimulated
numerous investigations of diammineplatinum( II ) complexes both to establish
their m ode of action and to design more effective antitumor platinum drugs.4

The str uctu ral characteristics of platinum complexes that exhibit antitumor
activity have been empirically established.~ Complexes with only one relatively
labile leaving group, such as [(dien)PtC lI4 (dien — diethylenetriamine), are inef-
fective. Activity is therefore not derived from monofurictional attachment of the
metal ion to a cellular component. Bifun ctional complexes with a trans configura-
tion , for example trans -DDP , are also inactive. These results have suggested tc
some investigators a geometric fit between cis-DDP and its primary target in the
tumor cell. Kinetic factors dependent upon the cis disposition of chloride ions
might also influence the mode of action , as will be discussed later .

The screen ing of analogs of DDP showed chl or ide to be the opti mal an ion.
Complexes with poor leaving groups were inactive, whereas those with labile
ligands were found to be highly toxic. The mechanis m for liga n d substit ution
in square pla t inum( l1) comp lexes has been thorou ghly inves tigated .6 The rate laws
are consistent with both solvent-assisted (k 1) and second-order (k 2) substitution
pathways. Although k2 >> k~ in general , the solvent-assisted pathway is probabl y
more important in biological media where the concentrations of potential entering
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ligands are low . The bio logical reactivity of DDP will therefore be strongly depen-
dent upon the concent ration of free chloride ion in solution .

FIGURE 1 summarizes the results of thermodynamic considerations7 for
[(en)PtCI 2) (en — 1,2-diaminoethane) dissolved in media of vary ing chloride ion
concentration. Analogous behavior may be expected for DDP. In plasma, where
[C1 j  — 0.103 M , DDP will be neutral and unreactive. Passive diffusion 5 of
the drug across cell membranes exposes DDP to a much lower chloride ion con-
cen tration , producing the hyd rolysis products shown in FIGURE 1. Since water is
an excellen t leavi ng group, the drug is activated for attach ment to an intracell u la r
component , follow ing wh ich its antitumor activity can be manifest.

H H H2 2 + 2 2+

1
N.~~~~~~~~Cl 

K1~~2.76 (~~~~~~~ .~ 0Me •.138_ (
N...~~ ,~,,

0H2

LN~
.-
~ ~~~ Cl LN~~~ ~~~ CI LN,~~~~~SOH

H2 H2 H2 
2

A 

~~~~~~ K0 7.4 

~ 

~~~~~~~~~~~~~
H2 H2 + H2

(
N~~~~~ ___ 0H 

(
N...

~~pt~
_
~
._OH2 pK0~ 

.
~~~~ ~~~~~~ ~~~OH

~~~~~~ ~~~
‘
~Cl LN~~~ ~~~0H

H2 H2 H2
D E F

Est imate  of Species A-F in a Biolog ical System , pH = 74
{ci J A B C 0 E F

Plasma 103mM 37.3 1 .00134 1 .053 .033
Cytoplasm 4mM 1.45 1 .0345 1 1.38 0.86

FIGURE I . Hydrolysis reactions of antitumor platinum complexes and an estimate of
species present in plasma and cytoplasm (cf Ref . 7).

The primary cellular function known to be disrupted by DDP is DNA syn-
thesis. By inhibiting replication the drug prevents cell division and tumor growth.
In the presence of low concentrations of DDP, mammalian cells in culture show
a marked decrease in uptake of 3H-thymidine , reflecting a selective inhibition of
DNA synthesis. Only a slight change in the uptakes of 3H-urid ine and 3H-leucine
were exhibited , indicating little effect on RNA and protein synthesis, respectively.’
In vlvo evidence for the inhibition of replication by DDP was provided by di-
minished incorporation of 3H-thymidine into the DNA of Ehrlich ascites tumor
cells from mice preinjected with the drug .’°

These results suggest that DDP binds intracellular DNA , altering its template
activity, rather than inhibiting the enzymes involved in replication. Various spec-
troscopic ” ’ 5  and x-ray structural ”” studies have therefore been employed to

— 
-
~ 

— 
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characterize the binding sites of diammineplatinum(II) complexes with individual
nucleic acid components . FIGURE 2 displays the bases normally found in nucleic
acids. Both the purine and pyrimidine rings have several potential metal-binding -

sites , the most probable of which are the heterocyclic ring nitrogen atoms.
Through sequential blocking of possible coordination Sites by alkylation of nitro-
gen atoms, fOllowed by spectroscopic measurements , evidence” was accumulated
indicating N3 as the favored binding site for the pyrimidines and both N7 and NI
for the purines, with N7 being preferred at acid pH. Proton nuclear magnetic
resonance studies ’2 ’3 substantiate these assignments. Kinetic measurements 54

show guanosine to react most rapidly with the platinum complexes , suggesting

ADENOS I NE RsH : URACIL
R ’CH3: THYMINE

X * H : I NOS$NE
iNH5 : GUANOSINE CYTOSINE

FIGURE 2. The structures and base numbering schemes of the common nucleosides. The
sugar ring attachment sites are designated by vertical bonds. Purines are on the left and
pyrimidine s are on the right. -

preferential binding of the metal to DNA rich in 0-C base pairs. Raman difference
spectroscopy ” was used to demonstrate the formation of both mono- and bis
Ni-bound inosine platinum complexes at low pH. At neutral pH the forma tion
of polynuclear complexes was found and platinum was proposed to be bound at
both Ni and deprotonated N I of guanosine. Chelation of inosine thr ough Ni
and the exocyclic keto oxygen 06 was not observed. X-ray crystal structure
determinations of bis(purine)p lat inum(II) complexes have, to date, revealed only
the presence of Pt-Ni bonds)7• ’8

The inactivation of DNA as a template for replication throug h the binding
of DDP can be achieved in a variety of ways, and studies of the interaction of DDP
with polynucleotides have led to some specific proposals of its mode of action.

~~~~~~~ _,_~~ ~~~~~~ ~~~~~~ • •  
.. — - —- ——— -~~ •
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Monofunctional coordination of the platinum complex to a base on the DNA
duplex could sterically block access to the polymerase active site. This model will
not , however , account for the selective activity of the cis over the trans isomer.
A more rigid complex , less susceptible to DNA repair mechanisms and blocking
poly merase activity, wou ld ari se th rough biden tate coordinat ion of an i n divid ual
base to the platinum atom. The chelation of guanine at N7 and 06 sites to DDP
has been suggested 20’2’ as a mode for the activity of the drug. The absence of
definitive evidence for N7-O6 chelation in a model system , however, casts doubt
on this proposal. X-ray photoelectron spectroscopic results have been interpreted
as evidence for 06 coordination to platinum when cis- but not tra ns-DDP binds
to DNA. Intercalation of DDP to DNA , which wou ld alter the conf ormation of
the duplex , has been ruled out as a binding mode based on the inability of DDP
to unwind superhelical DNA or to inhibit competitively the binding of ethidium
bromide , a known intercalator. 22 These same experiments suggested that DDP
prefers to coordi nate to exposed donor sites on the bases, nor m all y i n volved i n
base pairing, of locally unwound regions of the dup lex. Buoyant density studies
using polynucleotides of varying G-C content have shown the preferential bind-
ing ofDDP t o G-C-rich DNAs.23

Inter- and intrastrand cross-linking of DNA by a bifu nction al platinum
reagen t woul d const rai n the othe rwise flex ible polymer duplex , could prevent
stra nd separation , and might account for the antitumor activity of DDP . A selec-
tive reduction in the template activity of poly[dAT . dAT) in the presence of DDP
led to the proposal that platinum forms interstrand cross-links between opposite
and adjacent adenines through the N6 amino nitrogen atom.24 The proposed in-
vo lvemen t of the exocyclic am ino group as a coordinat ing ligand has no prece-
dence in model studies. Interstrand cross-linking has been demonstrated2’ through
sedimentation studies using heavy, 5-bromodeoxyur idine-containing DNA of
mammalian cells following their treatment in culture with both cis- and trans-
DDP. The frequency of cross-linking did not correlate with the biological activity
of the complexes, however. The fact 26 that DDP produces large increases in the
buoyant density of poly dO poly dC and unexpectedly small shifts of
poly(dOC . dOC) led to the proposal 27 that DDP cross-links adjacent guanine
bases through the Ni site. Various models of the mechanism of action of DDP
are summarized in FIGURE 3.

PLATINUM BLUES AND THEIR RELATIONSHIP TO THE BINDING
OF DDP TO NUCLEIC ACIDS AND THEIR CONSTITUENTS

While investigating the binding of DDP to polynucleotides it was observed
that blue products are formed over several days of incubation of cis-diammine-
platinum(I I) hydrolysis products (cf. FIGURE I) with~poly U. This reaction was
subsequently found to occur with thymine , uracil , and an assortment of substi-
tuted pyrimidines, leading to the forma tion of very soluble, deep-blue solid corn-
plexes.~ These “platinum pyrimidine blues” were tested against a broad spectrum
of tumor systems, and many were found to have hig h antitumor activity and low
renal toxicity compared to the parent compound DDP.~~’ The composition and
structures of these amorphous blue powders were uncertain , however.

- 
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(b)

/

H3N

~~ 
~~NH3 

- H~N

H N ~~~~~~~3

N 
H2 

NH3

NH2

/ 3

Cc )

FIGURE 3. Postulated models by which DDP might inhibit DNA replication: (a) chelation
at the N7—06 site of guanine;20a1 (b) formation of an interstrand crosslink between adenine
units;~ (c) formation of intrastrand crosslinks at adjacent guanine bases. ~

Blue platinum complexes, although rare, had been observed previously. In 1908
a blue compLex was reported 20 to have formed in the reaction of Pt(CH 3CN)2 C12
with silver sulfate or silver nitrate. The product , term ed “platinblau ,” was charac-
terized as monomeric Pt(CH 3 CONH)2 -. H2O on the basis of chemical analysis
and freezing-point depression measurements. It was later found 3’ tha t platinb lau
could not be prepared from mixtures of acetamide and platinum salts, although
the original synthesis could be repeated. By analogy to postulated structures for
a number of deeply colored related platinum complexes, platinblau was proposed
to have “a polymeric structure involving acetamido-bridges.” More recently, a
crystalline blue product was isolated 32 by allowing Pt(CH 3CN)2 C12 to react with
trimethy lacetamide. The crystals were found to be a mixture of three intercon-
vertible species, two of which were yellow and crystalline, the third of which was
blue and amorphous. Chemical and spectroscopic analyses of this last component
led to its formulation as Pt((CH 3)3CCONHJ2 CI 2, a p lat inum(IV) complex with
bidentate amidate ligands. X-ray photoelectron spectra 33 of the blue trimethyl-
acetamide complex do not support a platinum (IV) oxidation-state formulation ,
however , based on the 4f712 platinum electron binding energy. The various propo-

- 
-

~~~~ 
- _ - sals for the structure of platinblau are displayed in Ftouss 4.
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The finding that platinum pyrimidine blues possess a high degree of antitumor
activity generated substantial interest in elucidating their structures as well as that
of platinblau. Blue platinum compounds have been synthesized from a number of
amides and cis-diammine platinum reagents.25’~~~ Use of the analogous tra its-
diamminep latinum complex in the synthesis does not produce blue compounds.
Mass spectrometry,37 sedimentation anal ysis,~~

38 and kinetic studies~ of the for-
mation and decomposition of the unstable blue compounds in solution are consis-
tent with a polymeric chain of platinum atoms. An oxidative titration of the
deeply colored purple complex formed upon incubation of l-methy lthy m ine with
dicyclopropylami neplat inum (Il) hydrolysis products provided evidenceM for non-
integral formal oxidation state of the platinum atoms in the complex. These
properties, polymerization and mixed oxidation states, of the blue complexes
resem ble those of the solid partiall y oxidized , one-dimensional platinum chain
compounds ,39 one of which , K IM Pt(oxalate)2, exhibits a blue absorption band in
concentrated acidic aqueous solutions.4° The platinum pyrimidine blues are para-
magnetic, judg ing from magnetic susceptibility~ and electron-spin resonance41

measurements, a property that is also consistent with a mixed-valence formula-
tion.

Both biological and chemical investigations of the platinum pyrimidine blues
have been ha mpered by the lack of reproducibility in the preparation of the com-
pounds. It has long been realized that an unambigous determination of the chemi-
cal composition and structure of these species requires the isolation of a crystal-
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FIGURE 4. Propo sals for the structure of platinblau: (a) a monomeric bis(acctamide) corn-
- - 

- pkx;20 (b) a polymeric structure involving acctamido bridges;3’ (c) a platinum(lV) chelat-
- — ing amidate complex. 32
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line blue complex for x-ray crystallographic analysis. Studies in our laboratory,
showing the platinum pyrimidine blues to be a mixture of oligomers with varying
degrees of stability in solution ,M~ suggested that single crystals might be obtained
under certain conditions. Firstly, an amide ligand with only one nitrogen donor
atom would eliminate the formation of mixtures of compounds differing in the
site of attachment of the ligand to the metal ion. Secondly, formation of oligomeric
mixtures of variable chain length , perhaps the most severe limitation to crystalliza-
tion , mig ht be avoided by using a stericall y hindered amide ligand lacking addi-
tional hydrogen-bonding substituents that could stabilize intercomplex interac-
tions in a chain. Finally, the positive charge on the blue complex and its instability
to base (hydroxide) required a synthesis employing low pH conditions and high
concentration of counterion at the critical , crystallization stage. Using a-pyridone ,

- I I a-pyridone

a pyri m idine analog, as the am ide ligand and conditi ons of the ki nd j ust described,
a crystalline platinum blue was synthesized and its structure determined through
x-ray crystallography.42 

-

CIS -DIAMMINE P LATINUM a -PYR I DONE BLUE:
THE MOLECULAR STRUCTURE

The synthesis of a crystalline platin um blue was achieved - using a-pyridone as
the amide ligand as outlined in FIGURE 5. The product has been reproducibly
obtained as blue crystalline plates by several workers in our laboratory. The
structure of the compound , determined crystallograp hically, is shown in FIGURE 6.
Cis-diammineplatinum a-pyridone blue consists of four platinum atoms bridged

+ 2AgNO3 ~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~ 

+ 2AgCl~ + 2N0

~~~ 

~OH 
+

+ ~~~~~~ ( I )  Ad~ to pH? - 

~~~~~~~~~~ ~~~

iy ~ 
(2) Stand at 3? 40’

a-pyridons

dark bka crystals
NaNO~

FI GURE 5. The synthesis of cls-diammineplatinum a-pyridonc blue.~
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- 05

N3 O ” ~?’j~~ O~012

— 

2 
Distance

P t l — P t 2  2.779
Pt2~~Pt 2’ 2.885
Pt —N H3(av) 2.06

/ Pt-N(pyridon& 2.05
Pt-0 (av ) 2.04

- 

($_ Ptl-P?2-Pt 2’ 64.5’ -

FIGURE 6. The structure 42 of ds-diammineplatinum a-pyridone blue showing selected
• average bond lengths and angles.

by a-pyridonate ligands. The tetramer is composed of two centrosymmetrically
related dimers, as required by the space group symmetry. Within each dimer , two
cis-diammineplatinum units are held together by a platinum-platinum bond
(dp1_ p1 — 2.779 A) and two a-pyridonate bridges. The two platinum coordination
planes form a dihedral angle of 28.7’ owing to the short N . . . 0 bite distance
(2.31 A) of the pyridonate ligands. The ammine groups are in van der Waals
contact, with repulsive interactions being minimized by the splaying of the
coordination planes and a 23’ tortional twist about the platinum-platinum bond
axis. The amidate ligands bridge in an identical manner , one coordination plane
being comprised of two ammine groups and two deprotonated a-pyridone nitro-

- 
gen atoms, the other consisting of two ammine groups and two oxygen atoms from
the a-pyridonate ligands. The two dimers are further associated by a - platinum-

-
~ platinum bond at a distance of 2.885 A. This interaction is stabilized by hydrogen

bonding between the ammine groups of one dimeric unit and the pyridonate
- oxygen atoms of the other. The four platinum atoms form a zig-zag chain with a

Ptl-Pt2-Pt2 ’ angle of 164.5’. This value may be compared with the angles found
in the one -dimensional platinum chains, 173.08’ in K ,.75Pt(CN)4 . l.5H 2043

- - 
and 177.8’ in K ,5 Pt(C204)2 . l.2H 2O.~’ A channel of nitrate anions and

- 
-
~~

- water molecules surrounds the oligomeric complex in the crystal lattice, affording
• 

- . hydrogen-bond acceptors for the ammine ligands. The tetranuclear chain is capped
.~~~~~~~~~~

— .c,~
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FIGURE 1. ESR spectra of (top) a frozen aqueoL~s solution and (bottom) solid cLc-
diammineplatinuin a-pyridone blue. The field is increasing from left to right.

at both ends by weakly bonded nitrate anions (Pt . . . 0 distance — 3.29 A).
The elemental and x-ray analyses establish the chemica l formulation as [Pt 2-
(C,H 4 NO)2(NH 3)4)2(N03), . H 20. The platinum formal ox’dation state is there-
fore 2.25.

The metal-metal distances (2.i7~ A and 2.885 A) observed in the cls-diam-
mineplatinum a-pyridone blue structure reflect the nonintegral formal oxidation
states of the platinum atoms. The platinum-p latinum distance is shorter than pre-
dicted from bond length-oxidation state correlations for the partially oxidized
one-dimensional platinum chain comp lexes.4’ Comparisons with results for
K2IPt2(S04)4(H20)2 1 (Pt-Pt bond distance — 2.446 A)~’ and Pt2(NH 3)4 P207
(Pt-Pt bond distances — 3.22 A and 3.11 A),47 two oligomeric bridged platinum
complexes, however, reveal a qualitative agreement between the extent of metal-

- 
— metal bonding and formal oxidation sta te, 3.0, 2.25, and 2.0 in the sulfate,

pyridonate, and pyrophosphate bridged structures, respectively

— — — — — —.—•—
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SPECTROSCOP I C AND CHEMICAL PROPERTIES OF
CIS-DIAMMINEPLATINUM a-PYR 1DONE BLUE

Additio nal evidence for the nonintegral formal oxidation state assignment is
provided through the electron spin resona nce (ESR) spectrum of cis-diammine-
platin um a-pyridone blue. FI GuRE 7 shows the ESR spectra of both solid and
frozen aqueous solutions of the compound, characteri zed by a broad ax ial signal ,
g~ —2.4 , g p — 2.0. The spectrum is strikingly similar to that reported for the
platin u m pyrimidi ne bl u es4’ and strong ly suggests st ructural similarities. The reg-
ular signal pattern at hi gh field observed in the powder spectrum is probabl y due to
‘95 Pt hyperfine coupling interactions ( ‘95 Pt has I = ~ and is 33.8% abundant). The
magnitude of the g values may be compared to those observed in studies~ of
K 2 Pt (CN)4 Br ,13 . 3H~0, the spectrum of which was interpreted in terms of d~-like hole states . A comp lete an alysis of the ESR spectrum is not possible at present
because of poor resolution of a broad signal com plicated by the weighting of con-
trib utions from ‘95 Pt statistically distributed in the tetranuclear chain. Unlike the
partially oxidi zed one-dimensional conductors , cis-diammineplatinum a-pyridone
blue exhibits an ESR signal in solution. Integration of a solution spectrum cali-
brated with a copper( 1!)- EDTA standard y ielded a value of 0.8 ± 0.2 unpaired
spins per tetramer unit , in agreement with both the elemental and x-ray crystallo-
graphic an alyses .

The visible spectrum of cis-diamminep lat i num a-pyridone blue is given in
FIGURE 8. The compound is unstable in aqueous solution as judged by the diminu-

A(X ’685n m) vs TIME

15 ~ 

- 1.5

450 550 650
WAV CLENGTH (nm)

- 
- FIGURE 8. Visible spectra of cis-diammineplatinum a-pyridone blue in water at 25’C over

various time intervals . Inset shows the time dependence of the 685 nm band.
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F IGURE 9. Possible structures for platinum uraci l blues: (a) alternate singly bridg ing uracil
anions; (b) a mixture of amidate linkages through both deprotdnated NI and N3 nitrogen -;atoms of uraci l; (c) three platinum atoms bridged by two uracil anions through N3 nitrogen
atoms and both exocyclic oxygen atoms , 02 and 04. Double bonds are not shown, f or
cla rity.

tion with time of the absorption band centered at A — 685 nm. The blue color can
also be discharged by oxidizing and reducing agents. The blue absorbance band
and ESR signal intensity show a parallel decrease with time , indicating the cor-
respondence of the blue chromophore with the nonintegral oxidation state . The

— extinction coefficient of this electronic transition is both pH- and temperatur e-
dependent. Increases in absorbance occur with the addition of acid and with de-
creasing temperature. The extinction coefficient is also sensitive to the presence of
various anions; oxygen donors such as nitrate and perchlorate anions increase the
intensity. A second visible absorption band at Am,, — 480 n m is observed in solid
mull and concentrated solution spectra.

RELATION TO OTHER PLATINUM BLUES AND
TO THE BINDING OF DDP rn DNA

It seems likely that the structural features of cis-diammineplat inum a-pyr idonc
blue are generally shared by all of the platinum blues. Amidate linkages can serve
to bridge partially oxidized platinum units , forming metal-metal bonded, mixed-
valent oligomers. Further oligomerization of the a-pyridone blue is hampered by
the stcric bulk of the a-pyridona te rings and the lack of hydrogen-bondin g groups
at the chain ends. FIGURE 9 shows a number of possible configurations that the
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platinum pyrimidine blue structures might achieve . Va r iable chai n lengths are
likely fo r those compo un ds, with alter nati ng si ngly (rather than doubl y) bridged
arra ngements givi ng rise to a variety of per mutations .~ The py r im idi nes offer a
fu rther possibil i ty in choice of amidate-binding site , with both deprotonated N I
and N3 as potential n itrogen donor atoms. The pyri m idi nes could also for m
hexamers by the pairing of units in which three platinum atoms are linked through
two pyrimid ine bridges.

— The cis-diammineplatinum a-pyridone blue structure suggests new possibilities
for the mode of bi n di ng of DDP to DNA. DDP binds preferen tially to reg ions rich

• in G-C content . Recent studies 49 have again raised the possibility that N7 mi ght
not be the on ly, or even the biologically important , binding site of DDP on DNA
and suggest the sensitivity of binding site to solution pH and ki netic factors . I n
neutral solution , the NI  and Ni donor sites show similar tendencies to bind
plati num. In double-stranded DNA , the N7 positio n is more accessible and there-
fore is likely to be a primary site of attachment. The antitumor activity of DDP ,
however , may arise through the binding to deprotonated N I , disrupting the
normal Watson-Crick hydrogen bondi ng in the dou ble heli x. Evidence for prefer -
ential bi nding of DDP to exposed regions of the duplex has already been men-
tioned .22 The platinum blue structure suggests that , in regions of locall y hi gh G-C
content , guanine bases might link cis-diammineplatinum units through amidate
bridges using the deprotonated NI and exocyclic keto oxygen 06; the result would
be a tig htly bound , stable configur ation. FIGURE 10 shows the proposed complex.
In this regard it is worth noting the polymeric structure 50 of l.methy lcytosine
bou nd to silver nitrate (FIGURE l l ) i n  which silver ions are linked by cytosine units
throug h N3 and 02 donor atoms in a fashion strikingl y simila r to that observed in
cis-dia mminep latinum a-pyridone blue. In the silver complex the metal-metal
distance is 3.370 A , too long for metal-metal bonding. This result demonstrates
that deprotonated N 1-06 amidate bridging by guanosine , or a sim ilar bridged
structure involving N3 and 04 of cytosine , might occur when DDP binds DNA
without necessitati ng partial ox idatio n of the platinum.

The chem ical reactivity of the plati num bl ues in solu tion suggests additional
possibiliti es th at might account for the antitumor activity of CDP. The cis-diam-
mineplatinum blues are unstable in solution. Elemental anal yses of a va riety of

NH2A%~~~ ,,A
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platin um-pyrimidine blues,~ as well as cis-diamminep latinum a-pyridone blue ,
reveal var iable , generally low values for the nitrogen content. It is possible that ,
upon coordination to platinum , the amidate nitrogen atoms might labiliz e the
ammine li gands trans to them , facilitati ng decomposition. The addition of a large
excess of ammonium nitrate to aqueous solutions of cis-diammineplatinum a-
pyridone blue enhances the stabili ty of the blue color over a period of time . This
reactivity of the blues , in which ammonia is lost upon binding of the amidate
moiety, mi ght have a parallel in the reactivity of DDP with the nucleic acid bases.
Binding cis-diammineplat inu m to the deprotonated nitrogen donors on the bases
and possibly to the oxygen atoms mi ght labili ze the ammonia ligands, providing
third and fourth platin um binding sites for additional-cross-linking of the DNA

H
4 -

C ’
,5 0 ’

03
3

FIGURE I I .  The structure of the nitrate salt of the complex formed between silver( I) and
I-meth yl cytosine . (By permission of the American Chemical Society .’°)

strands. This lability of the ammonia groups would explain the differences in activ-
ity between cis- and lrans-diammine complexes , since the trans arrangement ,
w here labili zatio n is n ot ki neticall y favored followi n g DN A bi ndi ng, wou ld not
afford new sites for platinum base binding and cross-linking.
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PSEUDO-ONE-DIMENSIONAL NIOBIUM
CHALCOGENIDES NbSe3 AND Io33 NbSe4*

J. Rouxel and A. Mecrschaut
Laboratoire de Chimie Minèrale A , Faculzê des Sciences

Names, France

P. Haen and P. Monceau
C.R.T.B.T. -C.N.R.S.

Centre de Recherches Très Basses Temperatures
Grenoble, France

NbSe3

The triselen ide of niobi um was recently prepared and descr ibed by A . Meer-
schaut and J. Rouxel. ’

NbSe3 is a monoclinic system. The structure was determined from a collection
of intensities by an automatic diffractometer Nonius Cad 3. The reliability factor
was refined to a minimum value of 0.046 when an an isotropic temperat ure factor
for all the atoms was considered. The atoms are all in position 2e with space -
group P2 , /m.

Z e :X IZ , X j Z

FIGURE I shows the projection of the structure on the plane XOZ.
Each n iobiu m is surrou nded by six selen iu ms occupyi ng the corners of a

trigonal prism . These prisms are stacked along the b-axis and give this structure a
pseudo-one-dimensional character. The distance between the niobium atoms situ-
ated along the b-axis is constant and equal to 3,478 A. The dista nce between
niobium atoms in neighboring chains ranges approximately between 4.40 and
4.60 A. In the prisms , two of the three selenium atoms at each tria rgular base are
suffi cientl y close so that one may envision a Se-Se bond.

This structural model is found for the most part in the trichalcogenides of the
tra nsition metals and , namel y, in ZrSe3, which is well k nown.2

The pseudo-one-dimensionality of the structure led us to undertake a study on
the physical properties of this compound. Th is study was performed at C.R.T.B.T.
in Grenoble with Dr. P. Monceau and Dr. P. Hacn.

The resistivity along the b-axis has been measured on a single crystal of ap-
proximate dimensions 7 x 0.05 x 0.01 mm. The conventional four-probe direct
current technique was used.3 The val ue of 600 ~zfZcm for the resistivity is com-
parable to that found for TTF-TCNQ and (SN)~. The variation of p with respect
to temp erature between I .2’K and 300 K is typical of metallic-type behavior. The
essential interest of this curve resides in the presence of two strong anomalies at
TI — l25 K and 1’2 — 49’K (temperatures for the maxima). The amplitude of these
peaks atta i ns, respectively , l0~ and 3O~ of the resistivity at 300 K.

Manuscript received June 6, 1977.
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The phenomena of hysterisis has not been observed upon varying the tem-
perature over the reg ion of the anomalous behavior.

The measurement of specific heat has been performed in an adiabatic calorim-
eter between 20° and 300° K on a sample size of 0.8 g.3 The values for specific heat
shows an anomaly at the same temperature 12 that was found in the resistivity
data.

We interpreted the previous measurements as the appearance of charge-density
wave (CDW) by analogy to the layered dichalcogenides .4 The formation of CDW
depends upon the competition between two terms in the expression for the free
energy of the system. The strain energy is increased with distortions of super-
st ruc t ure and the gain in electronic energy resulting from an opening of the gap
in the Fermi surface . The last term increases as the temperature decreases , since
the edge of the Fermi surface is sharper at low temperatures.

If one applies pressure the rigidity of the la tt ice increases , with a subsequent
increase in the strain energy. The CDW will remain stable at a lo wer tempera t ure ,
due to a gain in electronic energy.

The temperature at which anomalies appear changes linearl y with pressure.
One calculates dTo/ dP — 4 °K / K b a r . The tlrs t anomal y is reduced to 300 1 of its
ini t ial magni t ude when subjected to 4 Kbar , the second anomaly disappears after
6 Kbar. 3

One may add that the critical temperature for superconductivity is increased
under pressure , dT~/dP — 0.4 K/ Kbar .

The coordination of physical properties described is compa t ible with the
hypothesis of CDW . The observation of an eventual superstructure by electron
diffractio n will be a proof for the existence of CDW .

1033 Nb Se4

1033 Nb Se4 has been obtained by vapo r transport from NbSe 3 (Nb Se3 + 12).
The crystals obtained have a needle-like shape.

10.33 Nb Se4 has tetragonal symmetry. The structure has been determined by a

Nb Se3

FIGURE I .  Projection of the structure on the plane XOZ .
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collection of intensities on an automatic diffractometer Nonius Cad 3. The reli-
ability factor has been refined to an R value of 0.030 afte r considering the thermal
anisotrop ic temperature factor for all of the atoms.5

FIGURE 2 shows the projection of the structure on the plane XYO. Each atom
of niobium is surrounded by eight selenium atoms occupying the corners of rec-
tangular antiprism . On such a rectangular base there exist two short Se-Se dis-
tances (—2.35 A) and two longer Se-Se distances (— 3.55 A). The antiprisms are
stacked along the c-axis in a “helicoIdale ” arrangement; two different Nb-Nb
distances along this axis are found (3.06 A and 3.25 A). Between neighboring
chains the Nb-Nb distances are equal to 6.71 A. The iodine atoms are situated
between the chains.

~~~1
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This structural model is also found for NbTe4’ and VS47 and is analogous
in structure to 2 Pt(CN)4 Br 0~~3 H 20 , a one-dimensional type.

A study of the physical properties is presentl y being undertaken at C.R.T.B.T.
to confirm the pseudo-one-dimensional character which is indica ted by the struc-I
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PART IV. COVALENT MATERIALS

FULLY CONJUGATED POLYMER CRYSTALS:
SOLID-STATE SYNTHESIS AND PROPERTIES

OF THE POLYDIACETYLENES*

R. H. Baughman and R. R. Chance
Materials Research Center

Allied Chemical Corporation
Morristown. New Jersey 07960 -

INTRODUCTION

The electronic properties of linea r polymers have been of research interest for
a number of decades.U However , the gross structural inhom ogeneity typical of
conventional organic polymers has severely hi ndered research progress in this
area. Conventional organic polymers are morphological jungles. For example,
polymer crystallitcs contained in bulk scmicrystalline polymers are typically about
iooA in chain-axis dimension. These crystallites arc typically bounded by surfaces
at which the polymer chains fo ld back upon themselves in an accordion fashion
to complete the crystal. Defects such as dislocations and chain kink s are contained
in the crystallites. Finally, these polymer crystallites are surrounded by a highl y
disordered matrix and occasionally interconnected by tie molecules that run from
one folded-chain crystal to another. 34

It is an awesome challenge to understand the relationships between electronic
properties and structure for such complex materials. Many useful polymer proper-
ties are highl y defect-limited. For these reasons, there has been considerable in-
terest in developing methods for producing large dimension polymer single
crystals having high structural perfection.

- . This work is concerned with the solid-state synthesis and electronic properties
of large-dimension crystals of organic polymers. In contrast with the case for
organic polymer crystals obtained by conventional methods, there are no intrinsic
limitations on the dimensions of these crystals. in fact, it is feasible in principle
to obtain these polymers as continuous single-crystal filaments.

These polymer crystals are of special importance for a number of different
reasons. First , the large dimensions of these crystals permit the measurement
of polymer properties which would be virtually impossible to determine for the
extremely small crystals obtainable for conventional polymers. Second, the present
polymer crystals have an extended-chain morphology rather than the folded-chain
morphology typical of conventional organic polymeric materials. The individual
polymer chains do not transverse the entire length of a macroscopic dimension
crysta l, so that chain-end defects occur within these crystals. Chain ends, how-
ever, are generally unsegregated; the effect of these defects on polymer properties is
therefore minimized . A th ird important poin t is that the polymer crystals of
interest here have fully conjugated backbones. As a consequence of this conjuga-

Manuscript received iuly 8, 1977.
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tion and the high structural perfection obtainable in the polym er crysta ls, a va riety
of interesting electronic properties arise.

GENERAL CONCEPTS FOR POLYMER CRYSTAL SYNTHESIS

In order to synthesize large-dimension polymer crystals , it is necessary to avoid
in termediate states involving highl y coiled polymer chain conformations. Kinetic
limitations on the crystallization of such high-entropy molecular states essentiall y
preclude the possibility of obtai n ing la rge-di men sion , extended-chain crystals hav-
ing hi gh st ructural perfection.

There are basically two different methods for synthesizing poly mer crystals
from the monome r without involving highly disordered poly mer ic intermediate
states . The first method involves nearly simultaneous crystallization and poly-
merization of monomer molecules at a li quid-solid or gas-solid interface. The
second method is matrix-controlled solid-state synthesis. The first method , which
has been analy zed by Wu nder lich5~

6 for both syn thetic and bio logical poly mers,
is ana logous to the crystal growth of nonpolymeric materials from the liquid or
vapor phases. The ideal case of simultaneous polymerization and crystallization
cou ld be viewed essentiall y as a crystalli zation pr ocess i n which the product
crystal phase has an unusually high interaction energy in one direction , corre-
sponding to covalent bonds in the polymer chain. Interesting examples of less ideal
processes are provided by Lee and Wun derlich 7 for the synthesis of polydipheny l-
silylene from gaseous dipheny ls ilyle ne and by Wegner 8 for the growth of polyoxy-
methylene crystals by monomer insertion at fold surfaces. As is true for the crystal
growth of molecular solids, the growth of polymer crystals is best obtained by
selecting ambient conditions that result in a small free-energy change on crystal
growth. This means that polymerization (crystallization) should be close to the
ceiling temperature of the polymer. Difficulties associated with the formation of
the initial poly mer nuclei, obtaining nearl y si multaneous crystallization and
polymerization , maintaining active chain ends in the growing crystal, and operat-
ing close to equilibrium conditions , place severe constraints on this method.5 7

Solid-state polymerization is at present the most successful method known for -

producing large-dimension polymer single crystals .9 ’ 8  This syn thetic method
utilizes the three-dimensional periodicity of a crystalline monomer phase as a tern-
plate to determine the molecular and crystallographic structures of a polymer.
In ideal cases, solid-state reaction transforms a monomer single crystal to a
polymer single crystal with nearly the same dimensions and similar structural
perfection. As mentioned by Adler ,19 solid-state polymerization reactions can be
viewed fundamentally as phase transformations in which unusually strong inter-
actions arise in the product phase, corresponding to the covalent bonds in the
polymer structure. However , in contrast to the case which was discussed earlier
for nearly simultaneous crystallization and polymerization , the solid-state reac-
tions of greatest interest for polymer crystal synthesis do not involve crystallize-
tion as a discontinuous process. In the ideal case, the polymer should enter the
polymerizing lattice as a solid solution over the entire monomer-to-polymer con-
version range, because phase separation , with the associated shear and volume
strains , will usually introduce imperfections in the polymerizing monomer .912

L ---- - - -
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In the ideal case for polymer crystal synthesis by solid-state polymeri zation ,
there will exist a one-to-one correspondence between the crystal structure of the
monomer and the chemical and crystallographic structure of the polymer . For
most solid state synthesis reactions , ho wever , the correspondence will be less than
perfect . ’9~

25 In these cases limited degrees of order in the monomer phase will be
preserved in the polymer crystallograp hic and/or molecular structure.

In the latter cases, either of two rela ted factors can be important for decreasing
order in the poly meri zed phase . First , the monomer lattice may constitute an
imperfect temp la te because it does not contain enough information for the re-

• quired synthesis. This occurs, for example , when several reaction directions are
crystallographically equivalent in the monomer phase. This also occurs as a re-
sult of structural imperfections in the monomer phase. For example , the pen-
odicity of the monomer phase is disrupted in the vicinity of isolated dislocations
or stacking faults. Consequently, near these defects the solid-state reaction either
will not occur or will occur in a less ordered fashio n tha n in more perfect reg ions
of the crystal. A second , related point is that molecular packing determines
whether a pa rticu lar monomer phase will be reactive and the reaction mode of
polymeri zable monomer phases. For this reason different phases of the same
monomer molecule often differ enormously in solid-state reactivity. If the struc-
tural changes that occur duri ng reaction are too large , the reaction will destroy
the perfectio n of the polymeri zi ng phase . Consequentl y, the polymeri zing phase
will lose the ability to serve as a reliable template for further reaction.

When comparing different symmetry-allowed reaction modes that involve
similar intramolecular energy changes and variations in similar kinds of inter-
molecular bonding, it is generall y true that the observed reaction mode will be

- 
- 

that mode which requires minimum atom displacements. The approximation here ,
which has important utility for solid-state synthesis , is that the reaction mode
that requires the smallest atom displacements in going from a monomer array
geometry to the polymer chain geometry wil l have the lowest activation free en-
ergy. Correspondingl y, this reaction mode is expected to predom inate . This sim ple
least-motion concept has been used successfully to predict the relative reactivities
of di fferent monomer phases , the reactio n modes of monomers having known
structures , the structure of partially polymerized phases , and whether likely
packing modes for a particular monomer molecule could result in a desired
polymer structure. I0~l 2.24.23

The importa nce of reaction m ode in determ ining the adequ acy of a mo nomer
phase as a template for solid-state reaction is illustrated in FIGURE 1. The array
of stick figures represent individual monomer molecules in a monomer phase. The
polymerization reaction corresponds to the joining hands of the stick figures. The
stick figures can potentially polymerize (i.e., j oin hands) by a number of different
modes, three of which are illustrated in this figure. For a real crystal , one can
predict the active polymerization mode by ask in g a sim ple question: How can the
array of monomer molecules polymerize in such a way as to result in the least
disruption of the polymerizing phase? Note that two of the three reaction modes
pictured in FiGURE 1 are nonunique. In other words, two of these mode reac-
tions are equally likely to proceed via either of two symmetry-related routes to
produce distinguishable products. The key point here is that in order for a poly-
merization reaction (or associated phase tran sformation) to be unique , that reac-
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pi pi

Non un ique

cm cm

~~ * * *  Unique~~~~~~ ~

Nonunique -

- pm pm

r~~~~r~~r~i
FIGURE 1 . Schematic representation of matrix-controlled solid-state polymerization. The

array symmetries are indicated above each array .

• tion must preserve crystallographically all the symmetry elements of the precursor
phase .’2’24’26 The reaction mode illustrated on the top of FIGURE I is nonunique I -
because this reaction mode preserves neither the monomer unit mirro r symmetry
non the crystallographic glide plane , which relates the monomers in neighboring
verticle arrays. Similarly, the reaction mode shown at the bottom of FIGURE I is
nonunique because only the former lattice symmetry element is preserved. Dc-
pending upon the degree of cooperativeness for the solid state reaction , lack of
reaction uniqueness can result in molecular scale disorder , twinning, and/or a
statistical relationship between parent and product crystal orientations. N ote that
this disorder will be introduced so as to preserve on a statistical basis those
symmetry elements which cannot be retained in a periodic product phase. By
knowing the type of reaction nonuniqueness evident for a particular solid-state
synthesis reaction , it has been possible to predict the structure of defects.23’24 This
information is important for understanding defect sensitive electronic properties.

- ‘—?---- —
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EXAMPLES OF THE VERSATILITY AND LIMITATIONS OF
SOLID-ST ATE POLYMER CRYSTAL SYNTHESI S

A va riety of di ffere n t orga n ic monomers have been poly merized in the solid
state to produce fully conjugated polymers. In most cases, however , the dimen-
sional changes required for polymerization are so large that a highl y disordered
reaction product results. Nevertheless , latt ice effects can still be significant in
determining product structure. For example , the irradiation-induced polymeriza-
tion of acetylene at low temperature g ives a cis poly mer in the liqu id phase and
a trans polymer in the solid phase .27’2S 

-

One broad class of compoun ds is exceptionally suitable for the solid-state
synthesis of hi gh structural perfection polymer single crystals. These arc com-
pounds that contain at least two conjugated acetylene groups. The remainder of
this paper will be concerned with specific discussions of the solid-state synthesis
and electronic properties of the polyd iacetylenes.

For nearl y a century it has been known that certain diacety lenes are unstable
in the solid state . Typically, the colorless diacetylenc crystals become deeply

• colored and insoluble upon thermal annealing or upon exposure to light. However ,
it was not u ntil much more recen tl y that this reactivity was correctl y interpreted
by Wegner as 1,4-addition polymerization. 9 He found that in certain cases this
reaction preserves the structural perfection of the polyn . :izing monomer crystals.
This observation constituted a major breakthrough in the area of polymer crystal
synthesis.

The solid-state polymerization of a monomer array in a diacety lenc crystal is
represented in FIGURE 2 for the usual case that the mutuall y reacti ng monomer
molecules are related by a lattice translation. Polyme rization occurs via 1,4-
addition reaction by the coordinated rotation of mutually reacting molecules
about their respective centers and a change in the monomer-center to monomer-
center separations. 9 12 This reaction in all known cases is “translational-direction

FIGURE 2 Polymerization of a
crystalline array of diacetylene ~~~

molecules to produce a polydi- • —acetylene chain. The iubstituent -
- 
‘ : -

groups, which are typically comrn ~ 
-

plea organ ic tunctionalities, arc - 
indicated by the white balls. - 

A - • - 

- -

W- ~~~~~~~r ~~~~~~~~~~~~~~~~~~ -_- _-- 
• ~~~~~~~~~~~~~~~~~ —~~~~~~~ —
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invariant ”. 12 In other words, during reaction the monomer-center to monomer-
center vector poten t ially changes in length , but not i n direction.

Simp le least motio n an d packin g a rgu me n ts allow one to predict which diacety-
lene monomers are likely to pack in such a way as to be hi ghly poly mer izable
in the solid state . IO~l2JS’29 Although such calcula tions employ major simp lif ying
assumptions, they have utility for the predic tion of the varie ty of new pol ymers
tha t can be synthesized by solid-state reaction.

For example , the grap h in FIGURE 3 indicates the route mean-square atom dis-

\ ‘~~~ ~1~ ~~~
-\ I•o~~~ • ._~~ I.0

iO\ \ \.
~6.5 \~ \ \

\ •e~ .e~ ~~~~.e~ \ \ .~~~~
•••- \ -‘ \

6
~~~~~~~~~~ \ 6 \ \

\\ \ .66\ 1.0

55 .4
’
\\5~~~~~~~~~~~~~~~~~~~~~~ 2

_____________ I 4
-34 ___________________

6

_

)‘ 1 ( D E GR C E S )

FIGURE 3. RMS atom displacements during the solid-state polymerization of an array of
monomer molecules defined by the parameters d 1 and ~~ The dashed curves cor respond
to constant values of R( l). The d 1 and ‘y~- coordinates to the left of the solid curve for
a given value of S are geometrically excluded. Values of R(2) in 0.1 A increments are de-
noted on the constant S curves, as are the minimum values of R(2). The range of packing
parameters of interest for polymer crystal synthesis is indicated by the shaded region.

placements for the atoms in the diacetylene rod [R( I )J and the first carbon atom in
the substituent group [R(2)], as a function of packing coordinates. These displace-
ments are calculated for the reaction of two monomer molecules to initiate a chain
via equivalent motions. The monomer packing configuration is defined by two
parameters d 1 and ~ for the case where all diacetylenic rods in the monomer
array are coplanar and parallel. The paramete r d 1 is the magnitude of the center-

- - - ..
-

. 
• 

- 
- to-center vector between possibly reacting diacetylene groups in neighboring mole-

- - -~ -:~~~~ - 
- -

~-J cules and ~Yi is the angle that each diacetylene rod makes with this vector. In the
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polymer the corresponding parameter values are d2 and 72. which are, respec-
tively , — 4.9A and — 13.4’. During poly merization the monomer-center to
monomer-center distance must change by d2 — d 1 and the conjugated rod of each
reacting monomer molecule must rotate about its center by an ang le of at least
12 — 

~~
, . It is empirically observed’2 that diacetylene phases for which all pos-

sible reaction modes require a R( l ) large r than — l .08A are not sufficientl y
reactive for poly mer crystal synthesis. Consequently, the nearest neig hbor coordi-
nates d 1 and~y , , to the right of the curve for R( l )  = 1 .08 A, should correspond to
packing arrays with little reactivity.

A further constraint is placed on the parame ter d , by the requirement tha t
the chains should propogate without serious disruption of the polymerizing phase.
For example , the m onome r 2,4-hexadiyne- I ,6-diol is polymer izable in the solid
state. The polymerizing phase , however , becomes progressively disordered du ring
reaction , and phase separation eventually occurs. This introduction of disorder
during polymerization and the eventual phase separation of monomer from the
poly meri zing phase is probabl y a consequence of the 8.2% decrease in monomer-
center to monomer-center separation required to form an unstrained polymer
chain from the monomer array.10 This monomer is hydrogen bonded and contains
small substituent groups , whic h exaggerates the lattice energy changes correspond-
ing to such dimensional changes. However, in general it is expec ted tha t the magni-
tude of(d, — d2)/d2 should be less than about 0.10 for there to be much likelihood
for the syn thesis of nearly defect-free pol y mer single crystals.

For m onomers with unk nown crystal stru ctu res, pairwise close-packing con-
siderations (using molecular models with the appropriate van der Waals radii,
bond lengths , bon d angles, and energetically realistic molecular conformations)
allows determination of permissible values for the coordinates d 1 and ~~ Refer-
ence to FIGURE 3 then permit s evalua t ion of whether a permissible value for these
coordina tes (which may or may not correspond to an obtainable phase) results in
the desired phase reactivity . For parallel diacetylene grou ps in neigh boring m ole-
cules that can pack no closer than a distance S, the on ly perm issible val ues of d ,
are greate r than or equal to S/sin dy, .  The curves d 1 = S/sin ‘y

~ 
for S = 3.4A

(corresponding to twice the van der Waals radius of carbon , which is the smallest
possible value for 5) and for S = 4.7A (corresponding to a bulk y substituent
group, such as the tertiary butyl group) are shown in FIGURE 3. Note that there is
essen tiall y no over lap between the curve for S = 4.7A and the curve for minimal
reactivity (R(l) — l .08A). Consequently, no coordina tes d 1 and ‘y, consi stan t
with substantial solid-state reactivity are permissible for molecules with such
bu lky substituent groups. This is in agreement with the observations of BohI-
mann . 3’

A model for the structure of the simplest type of diacetylene monomer and
polymer is presented in FIGURE 4. Note in this case that all substituent groups
(—(CH2)4OCONHC 6H3) are identical and nonchiral. Such large substituent
groups on the d iacetylene increase the liklihood of successful polymer crystal syn-
thesis. The important point here is that the diacetylene polymeriza tion requires
abo ut an 18% change in the total van der Waals volume of the backbone
associated carbon atoms. By choosing a monomer phase in which there are long
flexible sidegroups and/or interstitial molecules, ,this van der Waals volume

— 
-- -

~~~~~~~~~~~
-

~~~~~~~~~~
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- 

~~-

- . FIGURE 4. Models for the structure of a symmetric diacetylene , where the substitu ent
- 

groups are —(CH 2)4 OCOC6 H 5, and the corresponding 1,4-addition polymer . Only
- the approximate molecular structure is represented.

change on polymerization can most readily be accommodated by the polymerizing
phase without resulting in large-dimensional changes and hi gh-l attice strains. The
linear and nonlinear spectroscopic properties of polymer crystals of the polymer 

- -

- shown in FIGURE 4, as well as transformations in the structure of the polymer
backbone, wi ll be discussed later.

The unsymmetric monomers R ,—C~~C—C C—R 2 provide the simplest -

examples of diacetylenes for which the chemical structure of the solid-state
reaction product , as well as the crystal structure and phase perfection , is
dependent upon monomer packing. ” If all the mutually reacting monomer
molecules in a- periodic precursor phase are symmetry related and nonchiral ,

- 

- 

the structure of the 1 ,4-addition polymer can be either head-to-tail , (—( R ,) C— - - -

C C—C(R2)—( R ,)C—C~~C—C(R 2)— J , or head-to-head , 1—( R 1)C—C ~~

— —_L~. ~~ ._- —~--~~~~~~~ ~~~~~‘- - —- ~~~~~~~~~~ ~~~~~~~~~ ~-
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C—C(R 2)=(R 2)C—C~~C-—C(R , )=]A. Independent of the monomer-site sym-
metry or the symmetry relationship between mutually reacting monomer mole-
cules, a polymer with regular sidegroup alternation will be produced by solid-state
reaction unless more than one nonequivalent reaction mode is fortuitously favored
for polymeri zation in some conversion range. It is possible to synthesize mono-
crystalline polymers having complex structural periodicities from such assym-
metric diacety lenes. Depending upon the symmetry of the monomer array, chain-
repeat lengt hs obtainable for orthorhombic or lower symmetry phases incl ude
either one monomer length (—  4.9A), two monomer lengths ( — 9.8A), or four
monomer lengths (—  l9.6A). The former polymers ca n be obtained as chiral
and/or noncentric structures that are of interest because of the symmetry allowed
electronic properties such as either piezoelectricity , pyroelectricity , or optical
activity. Even longer per iodicities and more com plex stru ctur es are obtai na ble by
solid-state polymerization if the m olecu les in the reacting ar rays are not all sym-
metry related. ”

Baugh man and Yee have reported ’4’32 that cer tain cyclic diacety lenes poly-
merize in the solid state to produce monocrystal line pol y mers in which the back-
bone is rei n forced by covalen tly bonded linkages. The first known example of a
backbone-rei n forced polydiacety lene was obtai ned by the 7-ray-induced solid-
state reactio n of the cyclic diacety lene o, o’-diacety lenyldipheny lg l u ta rate ,’4 the
structure of which is shown in FIGURE 5. Various possible reaction modes for this
monomer are shown in this figure , each of which result in a different polymer

0 0

-

.

d2~ 4.9~

C~~~~~~~)  (
~~~ c C~~~_c

B ‘- // 4’
(~~~~~~C 

(
~~~~~~~~~~~~~~~ S)

Ii d ‘I d .1I 2 d2~ 9.5A

d2~ 9.8A

FIG URE 5. Possible packing modes for a cyclic diacetylene and the corresponding struc-
tures for the I ,4-addition polymer. The ring closure functionality is represented by the
loops in A , B, and C.

- .— ~
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~~~~~
-—- - --- -- -- ;—
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~
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-9

FIGURE 6. Molecular models for the cyclic monomer of FIGURE 5 and for the solid-state
reaction product. Carbon atoms are black , hy drogen is white, and oxygen is grey.

structure. Raman , infra red, x-ray di ffraction , and optical dichroism m easu rem ents
- are togethe r consistent on ly with the reaction mode and struct u re shown in C.

Note here that the mut ually reacting monomer molecules are related by a crystal-
logra phic glide pla ne, which is appro x imately parallel to the diacety lene rods. This
symmetry element relates neighboring monomer uni ts in the polymer structure so
that the r i ng closu re li n ka ge is alternatel y above and below the plane of the back-
bone for adjace n t monomer u n its in the cha in . M olecu la r m odels for the mono mer
and polymer structures are shown in FIGURE 6. This basic structure was supported
by the subsequent work of Graf33 and confirmed by the three-dimensional struc-
ture anal ysis of Day and Lando.M However , the bond lengths i n the poly mer
backbone are foun d to be more consistent with the electron ic str uct u re
(—C=C==C=C—),, , rather than (=C—C ~~C —C ),, .

Even more interesting full y conjugated polymers can be obtained by the solid-
state reaction of cyclic monomers which contain rn-ore than one diacetylene func-
tionality. For example , the cyclic tetradiyne (—(CH 2)2 —C~~C——C~~C—
(CH 2)2 —)4 crystallizes as a polymerizable phase that contains interstitial chioro-
form. 29’32 Raman and x-ray diffraction measurements indicate that polymerization
occurs by 1,4-addition reaction to produce a poly mer ph ase that is fu lly chain
aligned , but crystallographic only in the chain-axis projection. Such reaction at
each of the four diacetylene functionalities in the tetradiyne would produce an

— — - ~-: 
r%_ -*u-n-.ua - _~~ 

__ —•.-._ 
- - 

U 

- -_
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unusual ladder pol ymer . This polymer would then consist of four full y conjugated
chains joined together pairwise via methylene groups to form a cy lindrical struc-
tu re, as show n in FIGURE 7. Fourier transform infrared measuremen ts indicate
that most, but not all , diacety lene functionalities are reacted in the insoluble
polymer. 35

Similarly, polymers with multiple connectivity could be syn thesized from
acyclic monomers containing more than one diacetylene functionality. Consider ,
for example , a monomer of the form R 1 —C~~C—C~~C—R 2—C~~C—C~~
C—R 3 . Depending upon monomer packing in the solid state , as well as molecu-
lar geometry, such a monomer could polymerize 1) by 1,4-addition reaction at
only one diacetylene fu nctionality , 2) by 1 ,4-additio n reaction at both diacetylene
func tionalities with the diacetylene functionali t ies in the same neig hboring mono-
mer molecules , or 3) by 1 ,4-addition reaction at both diacety lene funct iona lities ,
but with the diacety lene fu nctiona lities in different nei ghboring mono mer mole-
cules. The fi r st case is least interesting, since onl y the normal sing le-chain polymer
results. As shown in FIGURE 8, however , the latter reactions would resul t in a
double-chain ladder polymer and a two-dimensional polymer, respectively.
M. Steinbach and 0. Wegner 3’ have recently proposed that a double-chain ladder
polymer results from the solid-state polymerization of the mercury aduct [CH3—
C~~C C ~~CH 2  H g.

So far , a variety of di fferen t types of full y conjuga ted poly mers have been dis-

‘U’

FIGURE 7. Model for the cyclic tetradiyne (—C C—-(CH 2)4 -—C C—)4 and for the
ladder polymer resulting from solid-state reaction .
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cussed. However , in each case the structure involved a conjugated backbone of the
type

(=C—C~~C—C=),, (—C=C=C=C—),,

Attem pts have been made to obtai n mon ocrystalli ne polymers havi ng backbone
struc ;ures of the type (=C±C~~C -)--~C=). ~~-‘ (—C+C=C+~C—)~, for
x 2 and highe r , by the solid-solid state polymeri zatio n of tri ynes R -(-C~~C-)- 3 R ’3 or tetraynes R-eC~~C-)-4 16 I n each of the observed cases however ,
the polymer obtained by solid-state reaction was the normal 1 ,4-addition polymer ,

-
~~~~

FIGURE 9. Typical packing mode for a triyne , which would result in -the 1 ,4-additio n
polymer rather than the pictured 1 ,6-addition polymer. Here and in the following figures
the substituent groups, which may be complex organic functiona lities , are indicated by the
white balls . -

having acetylenic functionalities in the sidegroups. Likely packing modes for these
compositions result in monomer arrays for which least-motion arguments predict 

-

formation of the 1,4-addition polymer. ” A typical packing mode for a triyne ,
which would result in the 1,4-addition polymer rather than the desired 1,6-
addition polymer, is shown in FI GUME 9.

A reasonable approach , more likely to result in these new polymer backbone
structures , would be to crystallize triyne , tetraynes , or higher polynes having small
substituent groups (such as hydrogen) in the channels of a channel adduct.

~~~~~~~~~~~~~~~~~~ 
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‘, 
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- - (‘>—C) ~~~~~~

2
FIGURE 10. The structure of a channel adduct formed by perhy drotri phcny Iene~~

viewed down the channel direction. The channels (indicated by the dashed lines) geo-
metrically constrain the enclosed monomer molecules , which are not pictured.

A similar approach has been used for the synthesis of a variety of full y chai n-
aligned, highly stereoregular polymers by the solid-state reaction of various
butadienes in channel adducts.3

~~° In certain cases, single crystal-to-single crystal
transformations have been obtained during polymerization. Dissolution of the
adduct m at r ix appea rs to produce a highl y chai n-ali gned , extended-chain poly-
mer. Suggested host materia ls are, for example, u rea , th iou rea, perh ydrotri phenyl-
ene, and tri-o-thymotide.37

~~ To ill ustrate the proposed approach for t he synt hesis
of polymers havi v~g new backbo ne str uctu res, a schematic representation of the
perh ydrot r iphenylene matrix for the l ,3-b !ltadiene inclusion compound is shown
in FIGURE 10. Triynes having small substituent groups, such as hydrogen , can
potentially form similar inclusion structures in which this molecule is geo-
metricall y constrained in molecular channels. The cross-section of such channels is
schematicall y represented in FIGURE 10, by the dashed circles.37 An orthogonal
view representing a triyne in a channel complex is pictured in FIGURE 11 . By
suitabl y choosing the host compoun d so as to pr ovide chann els with the desi red
geometric constraints , the packing arrangement shown here would result. Note
that the end-to-end type of molecular packing , as pictured in the figure , corre-
sponds to a geometric arrangement that is favorable for 1 ,6-addition polymeriza-
tion. It seems feasible to cocrystallize different acetylenic compositions in these
channels (such as triynes with diynes or triynes with H—C C—--C~~N) so as to
produce a host of otherwise unobtainable homoatomic or heteratomic polymers
with fully conjugated backbone structures. These polymers could then be obtained
as fully extended chains in single crystals of the adduct.

U

. 
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OPTICAL PROPERTIES OF THE POLYD I AC E TYLEN E S

The optical properties of the polydiacety lenes have been of intense in terest
principally because of their low dimensiona l ity . Optical data are now available
for a number of polydiace tylenes, although PTS [R is —CH2SO3C6H4CH 3)
remains the most ex te nsively investi gated. The lowest energy optical transition in
PTS is located at 2.02 eV at room temperature and is polarized very close to th e
chai n direction. 42 

~ At low temperatures this peak splits into two peaks with the
same polariza tion and separated by — 300cm ~. There has been much discussion
in the literature concerning the origin of the splitting. 42 ’43 It is now apparent that
the spli tting ha s its ori gin in a phase transition that occurs at 170°K and results
in a doubling of the unit cell in a direction normal to the chain direction. 45 This
results in four molecules per unit cell, i.e., two inequivalent pairs of chains.
Therefore , two optical transitions are observed with essentially the same polariza-
tion.4’ It has recently been shown that the splitting persists up to room tempera-
lure , due presumabl y to a small admixture of the low-temperature phase.~ This
phase transition is at the present time unique to P15.

The room-temperature crystal structure reveals that the bonding sequence in
PTS can be best represented by the acetylene structure ‘&RC—C~~C——CR+ .47

On the other hand , a recent x-ray structure determination shows that TCDU

1 — -~ -

I-

FIGURE I I . The polymerization of an array of triyne molecules in a channel complex

U 
(left) to produce the 1, 6-addition polymer (right ).
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[R is —(CH 2)4 OCONHC 6 H 5J can be best represented by the butatriene struc-
ture -(-RC=C-=C=CR+.~ The optical properties of TCDU contrast greatly
with those of PTS.49’5° The most notable di fference is that the lowest energy
transition in TCDU is located at 2.3eV; i.e., 0.3eV to the blue of that in PTS.
lust the opposite, a substa n tial red sh if t, is expected from current theoretical
models for the polydiacetylenes,31 52 including a recent SCFXa treatmen t.53 How-
ever , none of these theoretical treatments attempts to include excitonic or electron

- correlation effects .
— A number of polydiacetylenes exhibit reversible color changes in conjunction

with a temperature-induced phase transition. Of these thermochromic polydiacet-
ylenes, only ETCD (R is —(CH 2)4 OCONHC 2 H 5J has been thoroug hl y investi-
gated.~~5’ The normal incidence reflection spectra of ETCD at various tempera-
tures is shown in FIG URE 12. The phase transition occurs at — 120 C. The
considerable hysteresis in this phase transition would indicate a first-order transi-
tion. The room-temperature reflection spectrum is quite reproducible even after
several temperature cycles.

In FIGURE 13 we compare the ETCD spectra , above and below the phase
transition , with those of PTS~ and TCDU. 49 Below the phase t ransitio n , the
ETCD spectrum is quite similar to that of PTS, wh ich , as in dicated in the fi gur e, is
best represented by the acety lene st ru ctu re. Above the phase t ra n sitio n , the ETCD
spectrum is quite similar to that of TCDU , which is best represented by the
butatriene structure. From this comparison and a similar comparison of Raman

WAVELENGTH (rnn)
700 600 500 400

I I I

FIGURE 12. Normal incidence
reflection spectra of ETCD (R is

function of temperature. The up-
—(CH2)4OCONHC 2H,1 as a

Tsmp.rotur. (C) permost curve is obtained for the
281 as-polymerized material. The re-

flectivity scales on the left refer j o
the room temperature spectra.

- 
The origin of each spectrum is
indicated by the horizontal line
on the right. The temperature is
controlled to wi thin ~ 0.1. at the
indicated values. The arrows be-
side the temperatures arc included

__________ to indicate position on the hys-
teresis loop. The incident light is

604 polarized parallel to the chain di-
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704 - cm 1. There was no observable
structure in the reflection spectra
when the incident light was polar-
ized perpendicular to the chain.
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spectra, the electronic structure change at the phase transition is believed to have
its orig in in an acetylene-to-butatriene transformation. Consistent with this hy-
pothesis, a Raman spectral investi gatio n of TCDU suggests that at low tempera-
tu res (< 100K) and/or hi gh pressure (> 5Kbar) TCDU undergoes a butatriene-
to-acetylene transformation .5° X-ray structures are not yet available for the
low-temperature phase of TCDU or either phase of ETCD.

One of the most exciting developments in the investigation of the optical
properties of the polydiacetylenes has been the nonlinear spectroscopic work of
Sauteret ci a!.57 Measurements on PTS and TCDU ~how these polydiacetylenes
to have the highest ~~~ values known for any material , including inorganics , with
a comparable transparency range in the near infrared. These results , coupled with
the observed high damage thresholds , could be usefu l in picosecond pulse ap-
plications such as the construction of four-wave parametric amplifiers , ul trafast
light shutters, and optical pulse sharpeners.

ELECTRICAL PROPERTIES OF THE POLY DI ACETYLENES

All polydiacetylenes investigated to date would be classified as electrical insula-
tors. Room-temperature conductivitics in the range 10-16 to 10 .12 ohm ’cm~~
have been reported. 58 ‘° It is not clear , however , whether any of these measure-
ments actually relates to the intrinsic conductivity of the polydiacetylene crystal.
In the case of P’IS, for example , a value of 10 3ohm~~cm .1 can be measured
under ambient conditions. However , this value decreases several orders of magni-
tude to l O ”ohm ~ cm ~ under high-vacuum conditions. These results are typical
for the polydiacetylenes as a class.

Photoconductivity in the polydiacetylenes has been the subject of a great deal
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of interest. PTS has been extensivel y investigated. In pulsed photoconductivity
measurements , both electrons and holes are observed in approximately the same
yields .” This result indicates an intrinsic generation mechanism. Also, the ob-
served weak-field dependence suggests that the carrier y ield is limited by geminate
recombination . ’2 The pulsed measurements also y ield an esti m ate for the carrier
mobi lities parallel to the chain direction in PTS: 3 > p~, Mi. > iO~~ cm 2/ V-sec.
The lower lim it is a conservative estimate based on a carrier y ield of unity .
Perpendicular to the chain , mobi lities are at least ten times smaller. Recent tran-
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FIGURE 14. No~-malized photoconductivity versus excitation energy for TCDU poly mer
(-) and TCDU monomer(- - -). The absorption spectrum ( ) for TCDU polymer is also
show n as the preliminary results from a Kramers-Kroni g analysis of the reflecti~ it y data
in FIGURE 13. The open and closed arrows (labeled PTS) mark the absorption maximum and
photoconduction onset for PTS poly mer , respectivel y. A fter MU ller et al.49

sient measurements 63 in PTS, in conjunction with a bulk-recombination model ,
have yielded p 1 parallel to the chain and p 0.01 perp endicular to the chain. 59
These mobil ities are m uch greater than those typically observed for conventional
polymers. However , this result can be considered a natural consequence of the
high structural perfection of the polydiacetylenes compared to conventional
polymers. In fact , the mobilities in PTS are fairly typical of those commonly
observed in molecular crystals,” although the large anisotropy in the PTS
mobilities must be considered unusual in this regard.

The action spectra for photoconduction in the polydiacetylenes show that the
onset for photoconductivity is substantially blue-shifted with respect to the lowest
energy optical transition. ’0 The extreme example of this effect is shown in Flo-

-
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URE 14 for TCDU. ’9 R esu lts for PTS’° are also indicated in the figure. It is
clear from the TCDU results that excitation in the lowest energy band system does
not lead to any significant free carrier production. With the possible exception
of weak charge transfer crystals , this result is characteristic of intrinsic photocon-
ductivity in all organic photoconductors. The ex pla n atio n is that the lowest energy
transition is excitonic in origin in organic solids , including the polydiacety lenes.
Frenkel excitons can participate in photocurrent generation only via extrinsic
processes’5 and in a manner limited by their lifetime. In the polydiacety lenes the
exciton lifetime is apparentl y quite short (r < l0 ’3 sec from the absence of any
observable fl uorescen ce from the 2eV state),” and extrinsic photocurrents of
exci tonic origin have no t been observed .

The excitonic assignment for the lowest energy optical excitation is supported
by the highly struc tured , vibrational progressions observed in the optical spectra,
which would not be expected in a direct band system. Also, MUller and Eckhardt67

have recen tly observed weak struc ture in reflection spectra with polarization nor-
mal to the chain direction. This structure can be interpreted as indicating Davydov
splitting in the lowest energy, ~xcitonic transition. The exciton assignment casts
doubt on the utility of calculations which attempt a quantitative explanation of
the optical properties of the polydiacety lenes using a simple Huckel model.
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3

DISCUSSION

ZOLTAN Soos ( Princeton Univ.. Princeton , N.J.): Do you think the - polydi-
acetylenes are like anthracene but with perhaps.a larger mobility because of the
covalen t bonding?

BAUGHMAN: The polydia cety lenes have a mobility in the chain-axis direction
that is about the same as anthracene (— I cm 2/volt . sec). Like anthracene , the
lowest ly ing excited state in the polydiacety lenes appears to be excitonic.

BARRY SCH E CHTMAN (IBM Research Laboratory, San Jose , Calif.): Wo u ld it
not be straightforward to distinguish between the acetylenic and the butatriene
structures by using IR or Raman spectroscopy?

BAUGHMAN: Infrared lines associated with the polymer backbone for sym-
metrically substituted polydiacetylenes are characteristicall y weak. In fact , the in-
frared spectra of the pol ymers typ icall y look quite similar to those of the mono-
mers. Intense Raman lines are observed at close to the same frequen cies in
the double and triple bond stretching reg ion for polydiacetylene crystals known
to have either the butatriene or acetylenic backbones. Hence , neither IR nor
Raman spectroscopy provides a clear means to independently determine the best
representation for the backbone structure. For the few cases in which we know
the backbone structure from x-ray structure anal ysis , we can see differences in the
vibrational spectroscopy for the two different kinds of polymer backbone. For cx-
ample , the relative intensity of the Raman line in the triple-bond region , as com-
pared with the Raman line in the double-bond reg ion , appears to be hi gher for the
butatriene backbone than for the acety lene backbone.

JAN KOMMANDEUR (Groningen Univ., Groningen, The Netherlands): Were the
polymer infinitely long, you would find a much hi gher mobility. You find what is
typicall y found in m olecula r crysta ls, whi ch mu st mean that the molecu les are not
infinitely long. (And they cannot be, beca use you make the m at these fini te tem-
peratures; so the System I S going to make errors as entropy~ and the second law
of thermodynamics will take over.) Do you have an estimate of chain length? And
how many errors are you going to make in a chain , and why do these matte r in
your case and not in (SN), ?

BAUGHMAN: We know that the monomer crystals contain dislocations and im-
purity concentrations of at least one part in IO~. Since these imperfections can
block the polymerization reaction , the average chain length is expected to be less
than about a micron. However , the molecular weight and perfection is sufficiently
high that , in cer tai n insta nces, near theoretical mechanical properties can be ob-
tained. For many of the polydiacety lene crystals of interest , insolubility precludes
measurement of molecular weight by conventional techniques.

Even if the chain lengths were essentially infinite , the conjugation length would
be interrupted by entropically stabilized point defects. One such defect type, which —

we call an orbital-flip defect, involves configurational changes leading to a 90
rotation of the sp2 7-orbitals of two carbon atoms. -

The photoconductive properties of the polydiacetylenes , as well as the dc
conductivity of (SN)~, are undoubtedly affected by chain defects . Strong inter-
chain coupling in (SN), probably explains why such defects do not preclude
reasonably high conductivities in this polymer.

_____ 
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SYNTHESIS AND PROPERTIES OF HALOGEN
DERIVAT IVES OF (SN), AND (CH),*
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A.J. Heeger ,~ E.J. Louis ,t A.G. MacDiarmid ,t J. Mi l liken ,t

M.J. Moran ,t D.L. Peebles ,~ and H. Shirakawat
t Department of Chemistry

~ Department of Physics
Laboratory for  Research on the Structure of Matter

University of Pennsylvania
Philadelphia , PA 19104

Polymeric sulfur nitride , polythiazy l , (SN),, has been of interest in recent years
as the first examp le of a covalent polymer that is a metal even thoug h it contains
no metal atoms. Studies of the optica l and electronic properties have indicated
metallic behavior along the (SN), chains ’ with sufficient interchain coupling to
give the properties of an anisotropic three-dimensional metal .2’3

As part of a continuing study of the properties of (SN), we have been investi-
gating its reactions with halogens . In 1969 Patton 4 made brief reference to the fact
that (SN), reacts with chlo rine to give NSC1. Bernard et a!.5 have reported
recently that (SN), reacts with bromine vapor at room temperature to give a gray-
blue solid of unknown composition. Independent studies carried out by us 6 and by
Street et al.7 involved the characterization of crystals and films of (SN Br 0.4 ),,
the first derivative of (SN), . In this paper we report 8 the in iti a l results of studies
of the electrical transport and optical properties of (SNBr 0.4 ), and the related
derivative (SN Br 0.25 ),. We also report studies on (CH), and its halogen deriva-
tives.

Sam ples of polythia zyl brom ides, (SNBr ~),, were prepared by reacting an alyt i-
cally pure (SN),9 with bro m ine vapor . For example, crystals of (SN), (ca. 1—10
mm 3) in 60 torr of bro ln ine vapor react immediatel y at room temperature to
give shiny black crystals having a lustrous blue-purple tinge. The composition of
the bromi n ated material was determ i ned by exposure- of a known weight of (SN),
to the bromine vapor. Excess bromine was then removed from the product by
pumping it for 5 to 15 minutes at room temperature. The weight of bromine
absorbed was determined by weighing the polythiazyl bromide produced. The time
requ ired for the ma x imu m amoun t of bromine to be absorbed u nder these con-
ditions was approximate ly 40 minutes. The composition was confirmed by ele-
men tal an alysis; compositio ns va r ied slightl y, but significantly, accordi ng to m in or
variations in experimental procedure, with values obtained for (SNBr,), in the
range 0.38 < y � 0.42. Two typical anal yses are given in TABLE I . For con-
venience , this material will be referred to as (SNBr 04 ), in this paper. No un-
reacted (SN), could be detected visuall y or in the x-ray powder patterns of the

*Supported by the National Science Foundation by MRL program grant DMR 76-00678
and by grant CHE-73-0477I-A03 and by the Office of Naval Research contract no . N 100 14-
75-C-0962. Manuscript received July 5, 1977.

726
0077 8923/78/03130726 SI.75/I© 1978, NYA S

~~~~~~~

—

~~~~~~

- -
-

~~~~~~~~~~~~ 

7_ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _ _ _



Akhtar  et a!. : Halogen Derivatives of(SN), and (CH), 727

material. Crystals of (SN Br0.4), appear to react with air to a neg ligible ex ten t
during approximatel y one hour at room temperature but are tarnished after ten
hou rs, du r ing which ti me some am moniu m brom ide is for med .

Other compositions besides (SN Br0.4), can also be synthesized. Crysta ls that
were weighed under 60 torr of bromine vapor had a bromine content as hig h as
(SN Br0.55), . Material containing only small amounts of bromine , e.g. (SNBr 0DS), ,
was prepared by reacting (SN), with bromine for shorter periods and/or at lower
bromine vapor pressures. However , some of these compositions may contain some
unreacted (SN), and will not be discussed further. When crystals of (SN Bro4),
were pu m ped at room temperature for 45 hou rs or more, the re was little change
in appea rance, but the bromine content decreased to as low as (SNBr 033), .
When crystals of (SN Br04), were heated with pumping at approximately 86°C
for about 30 hours , they were converted to copper-colored crystals with compo-
sitio n (SNBr025), (see TABLE I) and density 2.54 ± 0.06 g/cm 3.

TABLE I
REPRESENTATIVE ELEMENTAL ANALYSES OF SELECT ED POLYTH I AZ YL BROM I DE S *

%S %N %Br Total
Caic. for (SNBro~~),t 41.09 17 .95 40.96 100.00
Found 40.92 17 .93 41.01 99.86
Calc . for (SNBr 038),~ 41.95 18 .32 39.73 100.00
Found 42.10 18.15 39.85 100.10
CaIc. for (SNBr 025),~ 48.54 21.2 1 30.25 100.00
Found l 48.34 21.06 30.25 99.65
Foundll 48.36 2 1.42 30.10 99.88

*Analy~~ performed by Galbraith Laboratories , Inc., Knoxville , Tenn. 37921.
tShiny, black crystalli ne form of(SN Br,),.
~Coppe~-coIored crystalline form of(SNBr ~),.
lFro m (SN), and brom i ne.
II From S4 N 4 and bromine .

Polycrystalline metallic (SN Br0.25), ca n also be synthesized directly from S4 N 4 :
and bromine without the necessity of first synthesizing (SN),. When finel y pow-
dered S4 N 4 is ex posed to 180 torr of bromin e at room tem perat ure for 16 hou rs,
it is con verted to a black powder whose composition from we ight gain is
(SN Br 15),. When this material is pu mped at room tem pe ratu re for fo u r hours,
bromine is lost and the composition of the black powder remaining is (SN Br04), .
Preli m inary studies on a comp ressed pellet of this ma teri al showed it to have a
conductivity considerably lower than the conductivity of(SN Br0.4), formed by the
direct bromination of (SN), . When the powder is heated at 80°C for four hours
with constant pumping, an 82% yield of a dark copper-colored powder of compo-
sition (SNBr 0.25), (see TABLE I) is obtained. Its x-ray powder pattern is identical

- with that obtained from a sample of (SNBr 0.25), prepared from (SN), and
bromine. This observation , together with data presented below , leads to the sur-
prising conclusion that the bromination of S4 N 4 to (SNBr 025), involves the
polymerization of the cradlelike cyclic S4 N 4 molecule.

The density of the (SN Br0.4 ), (2.67 ~ 0.04 g/cm 3) is significan t l y greate r th a n
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that of (SN), (2.30 g/cm 3).6” The volume increase calculated from the formula
and density data is 46%, in reasonable agreement with the observed changes in
crystal dimensions upon bromination .6’7 There is no significant change in the
length of the crystal in the b crystallographic direction (the direction parallel to
the (SN), polymer chains). 6” The entire volume-change results from a swelling
of the crystal perpendicular to the chain axis. Although the crystals appear well-
formed, x-ray studies show they have very considerable defect structure. The
fibr ous nature characteristic of (SN), crystals w hen mech ani cally p u lled apa r t is
preserved in (SNBr 04 ),.

In order to monitor the kinetics of the chemical reaction and provide definitiv e
data on the change in elect r ical resista nce on bromi n at ion , we have measured the
resistance along the chain axis during the brominati on of a sing le crysta l of
(SN),. The resulting normalized resistance vs. time during the reaction is shown
in FIGURE I . The data were obtained in bromine vapor at a pressure of 20-25 torr.
Chemical analysis of crystals bromina ted in the same experiment showed the reac-
tion had proceeded to give the composition (SNBr 0~~),. Contacts to the sample
were made with the graphite suspension Electrodag (Acheson Colloid Co., Port
Huron , Mich.) in order to avoid reaction of the usual metallic contacts. The mea-
surements were made with four-probe, low-frequency (37 Hz) ac techni ques.

The initial reaction proceeds rapi dly and results in an obvious decrease in the
sample resistance. The resistance even t u all y falls to a value approximately 0.05 of
the in itial val ue, as shown in FIGURE I .  Taking into account the — 46% increase
in cross-sectional area , we find a final room-temperature conductivity approxi-
matel y 13 times the initial (SN), value. Independent measurements on five sam-
pIes of (SN Br0.4), mounted for measurement after the reaction y ielded val ues from

1.00” I

It
,,

~~~ 0.80 -

_ _ _ _ _ _ _ _ _ _0 
~~~~~~~~

0 10 20 30 40 50 60
REACTION TIME (mm )

FIGURE 1. Normalized resistance of (SNBr,), during bromination; bromine vapor
pressure of 20—25 torr. Chemical analysis of the product indicated y — 0.4; see text. The —

sample conductivity was 1.6 x l0~ (Q-cm) 1 before reactio n increasing to 2.2 x l0~(fl-c m) - ’ after reaction. Average value for (SN Br04),; e(~~~K ) — 3.8 x l0~ (fl -cm)— ’ (see
text)
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FIGURE 2. Temperature dependence of the resistivity of polythiazyl bromides; ...
(SN Br04) ,; coo — (SN Br04), ; + + + — (SNBr 0 25 ),.

1.4 x iO~ to 9.1 x lO~ (fl-c m) - 1 with an average room-temperature conductivity,
o~(300 K) = 3.8 x iO~ (fl-cm)- ’ . Room temperature measurements of o’~
yielded 8 (fl-cm) ’, i.e . comparable to the values obtained for pure (SN), .
H owever , because of the fi brous n at u re of the crystals , the value for a~ is
probably not in t r in sic but is determ ined by interfiber contact.

The temperature dependence of the resistivity of (SN Br04), alo ng the chai n
ax is is show n in FIGURE 2. The data were obtai ned by fo ur-probe dc techni ques
with Electrodag contacts. The normalized results for two samples show n in FIG-
URE 2 indicate metallic behavior over the entire temperature range 4 < T <
300 K. Sample I (closed circles) had room-temperature conductivity of 9.1 x
IO~ (fl-cm) - ’  and a resistance ration p(300 K)/p(4 .2 K) ~ 90. Sample 2 (open
circles) had room-temperature conductivity of 1.4 x 10 4 (fl- cm) ’ an d a resista nce
ratio of approximately 12. Note that sample 2 becomes residual at T � 10 K
whereas the resistivity of sample I continued to decrease, becoming residual at a
value Po ~ 1.2 x l0- ’ (fl-cm)only well below 10K.

The temperature dependence of the resistivity of a crystal of (SNBr 025), is also
shown in FIGURE 2 for comparison. The results again indicate metallic behavior
with typically somewhat larger residual resistivity values. Measurements on six
samples of (SNBr0.25), yielded an average room-temperature conductivity of
2 x lO~ (fl-cm) ‘, with values ranging from 0.9 x lO~ to 5.9 x lO~ (fl-cm) ’.
Dark copper-colored compressed pellets of the (SNBr025), f ormed directly from
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S4 N4 and bromine were highly conducting, with a conductivity of ca. 1 x 10 2
(fl-cm)~~ at 25 ’C.
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Attempts to anal yze the temperature dependence as p = Po + Al” yielded
I < n < 2 for both (SNBr 04), and (SNBr 025 ), . However , log -log plots sug-
gest that a sing le power law is inadequate to describe the data . Th e tem perature
dependence of the brominated material is somewhat weaker than the well-defined
T2 behavior ’0 found in (SN), .

U pon bromination , (SN), crystals cha nge color from the characteristic hig hl y
reflecting golden appearance to black crystals of (SN Br 04) , having a blue-purp le
tinge. To examine this quantitativel y, we have carried out polarized reflectance
measurements from sing le crystals of (SNBr 04),. The results are shown in FIG-
URE 3. The reflecta nce spectrum for lig ht polari zed along the pri nci pal con duct-

.0
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•.•
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.

0.6 - -
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0.4 - -

0.2 - -

R
-I.

I ¶ • • • • I • • • • I0.O0_0 l .O 2.0 3.0

PHOTON ENERGY (eV )

FIGURE 3. Polarized reflectance of (SNBr 04) , in the spectral range 0.6 eV to 2.5 ~V.
The solid curve represents a least-square fit arbitraril y restricting the input data to the range
above 1 .1 eV . The data are plotted with the absolute normalization as determined from the
Drude fits.

ing a x is (R 11) shows a broad minimum in the visible with a plasma edge *w ,./
(c ,, ’12 ) and high reflectivity in the near infrared. The plasma edge is shifted from
approximatel y 2.55 eV in (SN), to about 1 .65 eV for (SNBr 04),. For light
polarized perpendicular to the princip le conducting axis , the refl ecta nce (R 1)  is
fiat and featureless , with no sign of metallic behavior (R 1 — 3% over the entire
range). The long wavelength optical anisotropy of (SN Br0.4), is greate r than th at
of(SN),, indicating somewhat weaker interchain coupling. Polarized reflectance
data have also been obtained from oriented films of brominated (SN), on M ylar~.
The results are consistent with the single crystal data.

Below I eV , R1, decreases, rather than asymptotically approaching 100%, as
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I would be the case for a simple Drude dielectric function. Since the dc conductivity
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is high , the most likely exp la n atio n in volves a relativel y st ron g low-freq uency
interband transition w ith corr esponding struc ture in c(w). Similar effects have been
observed in graphite intercalation compounds .” Alternatively, the decrease may
result from st ructure in (w) arising from a pseudogap related to the more n earl y
one-dimensional behavior suggested by the optical anisotropy . Detailed reflec-
ta nce measurements into the intermediate and far infrared regions will be required
to develop a ‘comp lete picture of the dielectric function. Our initial studies pre-
sented here focus on the oscillator strength and comparison of (SNBr 04) , with
(SN), .

The (SNBr 04), reflectance data , R ,1, were an alyzed in the vicinity of the
plasma edge, assuming a simple Drude dielectric function

c (w) — — 
2w + iw/ T

where c ,, represents the combined contributions from hig h-frequency interband
transitions and the core atomic polarizabil~~~~ .r is the conduction electron scat-
terlng time , w~ = (4 irNe / m*) is the -p1~asma frequency, and N is the number
of conduction electrons per unit volume with optical effective mass m*. The solid
curve on FIGLY R L 3 represents a least-square fit (weighted by R _ h 12 ), arbitraril y
restricting the input data to the range above I .1 eV . The resulting parameters are

= 4.8 eV , ,, 8.7 and f l / r  ~ 0.4 eV . Because of the clear deviation from
Drude behavior below I eV , these para meters can be taken onl y as an in dicatio n of
overall behavior. Nevertheless, it is instructive to compare the results with the
corresponding values for (SN),, of *w~ = 5.1 eV, c ,, = 4.2 , and 1f / - r 0.55
eV.’2 The small decrease in plasma frequency is more than accounted for by the
— 46% increase in sample volume on bromination , indicating that any charge
transfe r to the bromine acceptor states is weak. The downward shift in plasma
edge *w,/(c ,, 112

) on brom inatio n appears to be due pr im arily to the larger value
for c ,,.’’ -

Visual observation of the crystals after reaction suggest3 that bromination de-
creases the crystalline quality. X-ray studies confirm these latter observations. The
brominated material is crystalline; however , the relatively well-defined x-ray pat-
ter ns obtained from (SN), crystals become broad and diffuse indicative of a sig-
nificant decrease in crystal quality . Nevertheless , the dc cond uctivit y studies de-
scribed above dem onst rate an increase in the absol ute val ue of con du ctivity with
resistance ratios comparable to those found in relatively high quality (SN), . The
reflectance data fi m (SNBr0.4), indicate no significant change in ( N f m~ ) com-
pared with (SN), and a value for fl/t comparable to that typically found for
(SN),(or.,,1 — ( l/ 4 T) w ,2 r ~ 7000 (fl-cm)~~). These results therefore provide cvi-
dence that the fundamental (SN), chains remain intact as bromine enters the
structure with little or no charge transfer. The combined transport and optical
data suggest an anakgy with bromine intercalation compounds of graphite. ’4

The observation of little or no charge transfe r from (SN), to bromine is con-
sistent with the known electronegativities. The Pauling electronegativity . of bro-
mine (2.8) is equal to the average of the electronegativities of sulfu r (2.5) and
nitrogen (3.0). The possibility that charge transfe r might occur from the bromine
to the (SN), chai n m ay even be considered . In th is case, the charge transfer would
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tend to com pensate for the reduction i n electron density caused by the increase in
volu me of the (SN), upon bromination. This is cor.sistent with the suggestion
from Schottk y bar rier studies ’5 that (SN), may be assigned an effective electro-
negativity of 2.9 or more on the Pauling scale.

The observation of more than an order of magnitude increase in room-
temperature conductivity upon bromination is particularly interesting in the
context of the optical properties and the poorer overall crystal quality . Earlier
measure men ts 10 of the temperature dependence of the conductivity of pure (SN),
indicated that p ~ T2 over a wide range of temperatures. Band-structure calcula-
tions ’6 characterized (SN), as a semimetal in which the resistivity may be
dom in ated by electro n-electron scattering pr ocesses ’°” 7 leading to a 12 term in
the resistivity with magnitude that is sensitive to detailed features of the electron
and hole pieces of the Fermi surface. The hi gher conductivity and weaker tem-
perature dependence of (SNBr0.4), compared to (SN), imply that the 12 con-
tributio n is smaller in the brominated compound. Evidentl y the combined effects
of a small change in (N/m e) and the imp lied decrease in interchain coupling as
in ferred from the optical studies par tiall y quench the T2 contribution. Such effects

• have been predicted from analysis of electron-hole scattering i n sem imetals ’8 and
have been observed in nonstoichio metric TiS2 )9

In summary, our in itial trans por t and optical studies of this class of bro-
minated derivatives of (SN), , polythi azy l bromi des, demonstrate metallic be- —

havior . The (SN), chains appear to remain intact with somewhat weaker inter-
chai n coup li ng as inferred from the opt ical anisotropy . The brom ine eviden tl y
en ters the str uctu re with little or no charge trans fer. The relativel y high room-
temperatu re conductivity, c(300 K) ~ 4 x l0~ (O-cm) ’, in highly defected
crystals of (SNBr0.4), is encouraging from the point of view of the eventual
possibility of useful hi ghly conducting synthetic polymers.

In attempting to find a covalent organic polymer that would be a metal or at
least have a hig h conductivity, we have focused our atte n tio n on the sim plest
organ ic polymer , “polyacety lene ,” (CU), . In a series of studies , Shi rakawa an d
his coworkers2° 24 have succeeded in synthesizing high quality flexible silver-
copper-colored films of the cia isomer

H H H  H
\ / \ /c=c c=c
/ \ / \ /

/
C C

\ /
C_~C

\
H H H  H

and si lvery films of the trans isomer

H H H
I I .. I

H H H

4
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of this conjugated polyene from acety lene in the presence of a Ziegler catalyst,
and they have developed tech ni ques for controlling the cis and trans content. 2223
X-ray diffraction and scann ing elect ron m icrograph studies show that fil ms of any
cis and trans composition are crystalline and consist of matted fibri ls. 22 These
materials are semiconductors;24 the trans isomer, which is the thermodynamically
stable form at room temperature , has a hig her conductivity (0 273 K 4.4 x iO- ’
(fl-c m) — I

) than the cis isomer (0 273K — 1.7 x l0~~ (fl-cm) — I

Shirakawa and lkeda 25 have noted that when (CH) films are exposed to bro-
mine or chlorine vapor at room temperature for a few minutes , a dra matic de-
crease in infrared transmission (4,000 cm ’ to 400 cm -’) occurs without any
vis ib le cha nge in appeara nce of the fil m s. Complete halogen atio n to yield (e.g.
(CHBr) , ) results again in hig h infrared transmission with concomitant production
of a white fil m. The initial reduction in infrared transmission suggests that the
halogen-do ped material mi ght have u nusual electronic properties. The results of
studies involving the halogenation of films of trans-(CH), are summarized below.

The conductivity of the (CH), films was measured by four-probe dc techniques
at room temperat ure in a glass vessel to which was attached a bulb contai n ing
the halogen . Th is bu lb was held at vario us temperat u res to produce know n
halogen-vapor pressures. When (CH), is exposed to I torr of bromine vapor at
roo m temperature for 10 mm , the conductivity rapidly increases by approximatel y
four orders of magnitude to give silvery films of (CHBr 005), having a conductivity
of 0.5 (fl-cm)-’ at room temperature. Longer bromination gives silvery-black
fil ms havi ng the com positio n (CHB r023), and a slightly sm aller conductivity
(72~~~ 0.4 (fl-c m) - ’ ). The films are stable both in vacuum and when exposed to
air for at least several hours at room temperature. Qualitativel y similar results are
obtai ned with chlori ne, but the increase in conductivity is smaller (about three
orders of magnitude).

When iodine vapor reacts with (C H), at room temperature, the infrared trans-
mission decreases in a manner similar to that described above for bromine. The
increase in conductivity, however , is even more remarkable, more than seven
orders of m agn itude , as shown in FIGURE 4. The maximum conductivity (0295K —

38 (t1-cm)~~) was observed on a silvery-black film of composition (CHl 012),.~
The appearance of the (CH), film remained essentially unchanged until the
approximate composition (CH1005), was reached, after which it began to darken.
The stability of the iodinated films is similar to that of the brominated material.
Sepa rate measu remen ts of th ree samples of (CHI 022) , gave an average conductiv-
ity of 30 (fl-cm)~~. This material has the largest room-temperature conductivity
observed for any covalent organic polymer.

We believe that charge-transfer complexes are formed between (CH), and
halogens when they are permitted to react under certain conditions , as has been
observed previously with iodine and polyphenylene.~ In the case of (CH),,
however , the absolute conductivities obtained are four to five orders of magnitude
greater.

The highly conducting polyacetylene bromides and iodides may be charge-

~Analytica l data (Galbraith Laboratories , Inc ., Knosville, Tenn. 37921): Calcd . for
(CHI 0~22),, C, 29.34; H , 2.46; I , 68.20. Found: C, 29.14; H , 2.62; I , 68.26%. (Total —

-, - 
100.02%) .
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transfer pi complexes of the type believed to be formed during the halogenation
of olefi ns. Stable, colored com pounds that may be charge-transfer and/or car-
bonium ion complexes of this type have been obtained by the action of bromine
on certain substituted ethylenes . 27’28

We note for comparison that the room-temperature conductivity of a com-
pacted , polycrystalline pellet of the organic charge-transfer metallic salt ,
(TTF)(TCNQ), IS ca. 10 (fl-cm )~ ’,~ whereas that of a compressed pellet of poly-
crystalline (SN), at room temperature is ca 20 (fl-cmY*3° The conductivity of
the latter m aterial decreases when the temperat ur e is lowered and ex hibits an
activation energy, E~, of about 0.02 eV. Later experimental results on single

e ______________________________________________________________________________10 
I I

710 — -S

•. (CHI 22)~
106 . — ~.us~5h1 f__ p_ O5mm -~ —

~~ 

io~ — 
/ ( CH I

007
)
~ —

/
~~~~ 

10
: 

. .~~
— p~0.5 

—

b~ 
10 — (CH 10015)5
iO2

~~~

• p 003n’.n
lo l —

~~~~~ 

.S•SS 
—

f  (CHI

I I I
0 20 40 60 80 100 120 140 160

TIME ( m m )

FI G URE 4. Increase in the room-temperature conductivity of trans-polyacetylene, (CII),,
as a function of time at fixed iodine vapor pressures. The initial room-temperature con-
ductivity is 3.2 x 1 0—6  (fl-cm) 1. (In the last experiment some iodine was sublimed
onto the glass walls of the conductivity apparatus in order to promote attainment of the
equilibrium vapor pressure of the iodine at room temperature in the vicinity of the film .)

crystals of (SN), have shown- that the conductivity increases with decrease in
temperature, (E~ = 0), in a manner characteristic of a metal. ’ In the polycrystal-
line (SN), samp le, the increase in conductivity on lowering the temperature that
occurs with in a small , metallic crystal of (SN), is apparently more than offset by
the decrease in conductivity involved in the passage of electrons from one crystal
to another. As with polycrystalline (SN), , the conductivity of the most highly
conducting composition, (CH1012),, decreases slowly on temperature decrease
(300 K > 7’ > 4.2 k) with an activation energy, E~ ~ 0.0 16 eV (for comparison
the activation energy for irans -(CH), is E~ ~ 0.3 eV).~ These resu lt- ~~ sug-
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gestive of metallic behavior; experiments are under way directed toward clarifica-
tion of the origin of the very small activation energy .

Altho ugh the ra ndomn ess of the halogenated polyacety lene may be play ing an
important role, the overall behavior is like that of a ser ies of semiconducto rs
with activation energies that va ry with halogec con tent . H owever , a detailed study
of the temperature dependence of the conductivity indic ates that a simple semi-
conductor model in volvi ng a sing le activation energy is i nadeq uate for the descri p-
tion of the conductivity of the material. We believe that the polyacetylene halides
may be the forerunners of a new class of organic polymers with electrical prop-
erties, which may be systematically and controllabl y varied over a wide range by
chemical doping.
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DISCUSSION

FR ED WUDL (Bell Telephone Laboratories , Murray Hill , N.J.): Are reflections
really sharp, or are they broad in the x-ray powder pa tt erns of(CH),?

MACDIARM I D: These are fairl y sharp . There does not appear to be a real
amorphous phase.

FRED G0ETz (Hooker Chemicals & Plastics Corp., Grand Island , N. Y.): It is not
unusual to see conductive complexes of iodine with hydrocarbons.

MACDIARM I D: It is not onl y iodine that causes the conductivity to increase.
There are many things , such as BF 3 or a small amount of oxygen , th at m ay do th is.
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POLYTHIAZYL HALIDES:
BROMINE DERI VATI V ES OF (SN ), AND S4 N 4
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INTRODUCTION

The metallic and superconducting properties of pol ysu lfurni tride have en-
couraged extensive efforts to prepare analogs or derivatives. ’3  To date , the most
interesting extension of this material is the halogen derivatives.’7 The influence
of halogens on the conductivity of (SN), has been men tioned by Yoffe ,’ but no
details were reported. Bernard ci a!.4 found that bromine reacts with (SN)~ to
give what they believed to be an insertion compound. Independently, we have ob-
served the reaction of (SN), crystals and films with bromine and aLso other
halogens 5” which indicated that the halogen content of the (SN), could be varied
widely and continuously. In the case of bromine , the composition ranged between
(SN), and (SNBr06),. In addition , we found that the incorporation of bromine
led to an order of magnitude increase in conductivity parallel to the chain axis
compared to pristine (SN),. Similar results have also been reported by others.7’7’
The thermopower of(SN), changes sign on bromination , becoming p-type, which
is consistent with the bromine acting as an acceptor , and the superconducting
transition temperature inczeases only slightly. Optical reflectivity data show
the metallic behavior typical of pristine (SN), but with the reflectivity edge shifted 

. 
-

toward the red. This shift is due to an increase in the background dielectric
constant; the plasma frequency itself is essentially unchanged. These electronic
properties of brominated (SN), are discussed in detail elsewhere.6 In this paper
the physical and chemical properties of bromine derivatives of (SN), will be de-
scribed together with our current model for their structure.

PREPARATION OF (SNBr,),

Treatment of(SN), crystals or films with liquid bromine , gaseous bromine, or
bromine in solution causes a rapid color change from the gold of ~1SN), to a
blue-black. Accompanying this color change is an ani sotropic increase in volume,

‘Partly supported by the Office of Naval Research. Manuscript received July 22, 1977.
f Permanent address: Dept. of Physics, Aria-Mchr University of Technology, Tehran ,

- .“ - -
~ Iran.
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with almost all of the increase occurring in directions perpendicular to the b-axis.
This expansion frequentl y leads to extensive cracking of the crystals. By contro l-
ling the bromine concentration and the temperature of the (SN), crystals , it is
possible to obtain any composition between (SN), and (SNBr 06),. Intermediate
compositions may also be obtained by debromination under controlled tempera-
ture and pressure. Because the princi pal discussion in this paper will be restricted
to (SN Br 04), , its preparation will be described in detail. (SN), crystals at room
temperature are exposed to the room-temperature vapor pressure of bromine in a
sealed , evacuated (1 0’s torr) Pyrex 5 tube. To avoid side products , the bromi ne
should be dry and free from chlorine or hydrogen bromide. In order to ensure that
the bromination is comp lete , the reaction is allowed to preceed for several days.
The blue-black crystals , which retain the fibrous nature of pristine (SN),, are then
transferred to a vacuum system without exposure to air. They are then pumped on
for abou t one hour a t i0 ’5 torr , during which their composition changes from
— (SN Br 05 ), to (SNBr 0,4), . Although these (SNBr 04 ), crystals are stable in the
absence of air , they decompose fairl y rap idly in air to give ammonium salts. We
will return to this point in the following discussion of the mass spectrometric and
infrared data for this material.

THERMAL ANALYSIS AN t) MASS SPE CTROM E TRY OF (SNBr 04) ,

Berna rd ci a!.4 report that the bromination of (SN), is partly reversible. This
result is evident from the thermogravimetric anal ysis (TGA) data (F iGURE 1 (a))
obtained at a heating rate of 5°C/mm and under one atmosphere of helium.
These da ta show that under these conditions rapid loss of bromine first occurs at
temperatures — 125°C , and they do not provide any evidence of preferential
stability of int ermediate compositions. The differentia l thermal analysis data
shown in FIGUR E 1 (b) agrees well with the TGA data. It shows a strong exotherm
— 165°C associated with the liberation of bromine and exothermic decomposition.
Although debromination can lead to compositions intermediate between
(SNBr 06 ), and (SN),, it is not possible to obtain pure (SN), in this way be-
cause the (SN), itself becomes volatile before all the bromine has been driven off.

Phase-ang le mass spectrometry in conjunction with electron impact and chemi-
cal ionization techniques 9 have identified Br 2 and SNBr as the predominant
molecu la r species obt ained on heati ng (SN Br0,4), to 80°C in vacuum. The intensity
of these two species is time dependent. Initially, Br 2 is t he most intense; however ,
after a period of — 3 hours the bromine is almost undetectable , and SN Br becomes
the principal bromine-containing peak. Even if the temperature is now raised to - 

-

1 50°, the bromine peak does not reappear. It is also interesting to note that the
hyd ride species, N X SY H Z , are reduced to — 10% Of their intensity in pristine
(SN),. 10 This suggests that bromination in some way removes the hydrogen , per-
haps forming the HBr which is initially observed in the mass spectra. It is impor-
tant to realize that (SNBr 04), reacts much more rapidly with air than pristine
(SN), . This becomes apparent from the mass spectra of samples exposed to air
for one day, which show several additional products NH 3, SO2 , H NSO, S,, and
S4 N 2, as well as increased amounts of HBr and hydrides.

-
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STRUCTURE OF (SN Br0,4 ),

Consistent with the observed lack of expansion of the crystals in the b direc-
tions , Bernard ci al.4 showed that the chain axis of (SN), did not expand on
bromination. We have confirmed this from x-ray precession photographs ,5

~’ but
the increase in disorder perpendicular and parallel to the chain axi; after bromina-
tion prevented direct measurement of a and c.~

6 H owever , Baughman ” concl udes
that a decreases by 7% and c increases by 1% on bromination to (SNBr 04 ),.
From transmission electron diffraction data ,5’6 we believe that the essential chain
structure of (SN ), does not change on brom ination. The electron diffraction data
confi rm s the disorder in d i rectio ns perpendicula r to the chai n ax is a n d reveals a

1.6 - 

I

TGA 5°C/ Min

H
O.4~~~ DTA 15oc/ Min 

I
50 100 150 200 250

T, C

FIGURE I . Thermal analysis data for (SNBr 04), i n helium atmosphere a — Thermo-
gravimetric analysis; b — differential thermal anal ysis.

noticeable increase in (100) twinning relative to pristine (SN), . In addition , there
is a one-dimensional commensurate superlattice along b with a period of twice the
b-axis of(SN), . Dark-field electron micrograp hs show that bromination leads to a
decrease in the ave rage fibe r dia meter from — 70 A to — 30 A. 6 The sm all de-
crease in unit cell volume on bromina t ion suggests that most of the bromine is not
entering between the planes of the (SN), latti ce, and we bel ieve th at it is presen t
mainly in the interfiber reg ions. The increase in the density from 2.32 g/cc for
pristine (SN), to 2.65 g/cc for (SNBr0,4), is consistent with the experimentally
observed 50% expansion in the volume of the crystals. If the bromine is entirely
in the interfiber regions , and packed with a density corresponding to that of liquid 

-
-

- ‘ bromine , it would occupy a layer 3.6 A thick around the 30 A fibers , which we
- 

- - assume, for simplicity, are cylindrical , as shown in FIGURE 2a, 2b, and 2c. This
3 6 A thickness IS close to the VDW diameter of a bromine atom ,’2 suggesting that

- 
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the bromine forms a layer one atom thick around the 30 A fibers. From Raman
studies described elsewhere,’3 it appears that , contrary to our earlier report ,5” the
bromine is present mainly as a linea r , but asymmetric, Brç ions aligned with their
axes parallel to the chains of(SN), . The length of a Br3 ion is close to 2b, and we
believe that these ions are responsible for the observed commensurate one-
dimensional superlattice of period 2b. FIGURE 2b shows a cross section of a 30 A
diameter cylindrical fiber (perpendicular to b) containing approximately 25 unit
cells of (SN),, or about 50 chains. The lower part of the diagram also shows the
corresponding view of the (SN), fibers looking in along c. The (SN), chains are
shown running along b with the Br3 - ions a rr anged on the outside of the fi bers.
It must be emphasized that this model is an oversimplification in several respects.
The fibe rs are obv iously not cylindrical , but would probably have an approxi-
mately hexagonal cross section determined by the easy cleavage planes shown in
FIGURE 2b, as is the case of untwinned (SN), crystals . Normally (SN), crystals

c=7.64A

a 4 .  21 A

a 
~~~~~~~~~~~~~~~~~~

7
~ 15A

- 18.6ABr3

I ? ? 2 ~~I ? ~ 
- 

b~(SN Br0 4 )~~8.86A

~~~ ? - 

b(SN)~=4.434

_ _ _ _ _  

I -

_ _ _

I 2
~~2 ??~~~

FI GU RES 2a & lb. Clad fibe r model for (SNBr04), . a Br3 ions forming a 3.6 A
monolayer around 30 A diameter fibers; b — cross section of 30 A diam cier cylindrica l

-. - 
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fiber (perpendicular to b) showing — 25 unit cells, or 50 chains .
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t 
-3.6A --’j ~~~

• 
(SN)

~~

B r L
~r~~

2b=8.86A~~~~~~~~~

1~ J
FIGURE 2c. Cylindrical fiber of (SN), viewed dow n the c axis showing (SN), chai ns

of period ba nd Br 3— ions forming commensurate superlattice of period 2b.

are twi nn ed , and this would lead to further deviations from cy lind rical fibers. It
also seems u n like ly that the Br 3 ions would pack randoml y around the fibers;
it seems more probable that they would exhib it some preferential packing, in addi-
tion to being parallel to the (SN), chains. Furthermore , the model does not ac-
cou nt for the significant increase in twinning observed on brominatio n.

BROM I NA TION OF S4 N 4

S4 N 4, a cradle-shaped molecule ,’4 is a precursor of (SN), . It is an orange-
yellow molecular solid of high electrical resistivit y (a — l0 ’

~~~~1 cm at 25 °C). We
have observed th at the react ion of sol id S4 N 4 with bromine , as well as other
halogens,’5 destroys the S4 N 4 crysta l habit and leads to a vol um ino us black pow-
der with a conductivity (measured as a compressed pellet) of 32~I ’ cm~~ at 25° .
The density (2.65 g/cc) and composition SN Br 0,4 of the bromine derivative are
identical to the values obtained for the principal composition of brominated (SN), - -

discussed in this paper. The transmission IR spectrum of brominated S4 N4 is corn-
pared with that of (SN), and (SNBr 0,4), in FI GURE 3, All the spectra were
recorded as films on KBr discs. Bromination causes the 1000 cm~~ peak of(SN),
to almost disappear and the other peaks to shift somewhat in position and relative
intensity . A detailed investi gation of these spectra is in progress; however , the
general similarity of the two spectra supports our conclusion that the (SN),
chain geometry does not change drastically on bromination. The similarity of the
spectra of brominated (SN), and brominated S4 N 4 is striking, particularly if one
removes the peaks at 545 and 920 cm~~ which are due to the presence of some

4
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unbromina ted S4 N 4 . In contrast to the reported stability of bulk (SN), ,” the
air sensitivity of films and powders of both brom inated an d pristine (SN), ’7 and
brominated S4 N4 is apparen t from these IR st udies, as it was from the mass
spectrometric data discussed earlier. All of these IR data were collected under dry
nitrogen. In the presence of air , the spectra become dominate d by ammonium
salts. ’8 These effects prevent the recording of satisfactory spectra from powdered
material in K Br pellets. It is this air sensitivity that is responsible for many of

~ Brominated

~ 
(SN)~

~~~1 I I I
.

1000 800 600 400

Wavenumber (cm 1 )

FIGURE 3. Transmission IR spectra on KBr discs of films of a — pristine (SN), ; b —brominated (SN), — (SNBr04),; C — brominated S4 N4 — SN Br04 .

the nonintrinsic peaks reported in the early IR spectra of (SN), ’9 rather than non-
st~ichiometry, as suggested by Stolz e&a!.2° 

-

From the similarity of the IR spectra of brominated (SN), and brominated
S4 N 4, we conclude that the latter also contains polymerized sulfur-nitrogen
chains. X-ray powder data shows a large broad peak corresponding closely to the

- - -
- 102 interchain spacing observed for (SN),. ’5 The poorly crystalline nature of

brominated S4 N 4 is not unexpected , because the structure of S4 N 4 does not
- - , -~

-
~~~:~~~~‘ L provide as favorable a route for solid-state polymerization as that of S~ N 2. 2’

DTA , TGA , and mass spectrometric studies 9 also tend to confirm the essential

- -~~ ‘ —,—~~ --, —_1__ - 
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similarity of brominated (SN), and bro m in ated S4 N 4. These techniques demon-
strate that bro mine is lost somewhat more readily from the brominated S4 N 4 . On
subli mation , bro minated S4 N 4 gives rise to conducting films similar to those ob-
tained from brominated (SN), .

CONCLUSIONS

The model of brominated (SN), presented here assumes that most of the
bromine is present as Br 3 ’ ions which a re situated mainl y in the inter fi ber reg ions
and do not enter the (SN), lattice in la rge amounts. In the description of the
model we have used twin free, cyli ndrical fibers for descriptive simplicity. In reality,
the fibers of (SN), are heavil y twi nned and not cy li ndrical. We have presented a
variety of data that suggest such a strong similarity between bro minated (SN), and
brominated S4 N 4 that we believe this latter material also consists of polymerized
chai ns of su lfu r an d n itrogen atoms . The si m ila r ity in compositio n between these
two bromine derivatives , despite the fact that the brominated S4 N4 does not
appear to be fibrous , is puzzling, in view of our model. More work is clearly
necessary in order for us to understand fully the structure of these new materials.
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DISCUSSION

DAVIS ( Temple Univ., Philadelphia . Pa.): What observations have you been
able to make about the properties of the bromin ated (SN), after removal of bro-
mine?

STREET: As the bromine is removed , the conductivity decreases.
M O H A N  SARAN (Hooker Chemical and Plastics Corp.. Grand island , N. Y.):

Is (SN Br 04), obtai ned from S4 N 4 the same as that prepared from (SN), ?
STREET: There is a great deal of evidence that the products of bromination of

S4 N 4 and (SN), are the same. For examp le , both give similar results from
therma l analysis , mass spectrometry, IR , and Raman spectroscopy, and they also
have sim ilar electrical properties.
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GROWTH OF (SN), FROM THREE DIFFERENT THERMOLYSIS PRODUCTS

introduction

In the preparation ofS 2 N 2 from S4 N 4, it has often been observed that several
colored by-products are formed.’-3 The pyrolysis conditions are usuall y adjusted
to attempt to minimize these prod ucts, or the growth of S2 N 2 crystals conducted
so as to effectively reject them. An examination of the early literature reveals that
in l925~ Usher noted that a ruby-red precursor could be obtained from S4 N 4

• silver-wool pyrolysis, and that it eventually formed a thin blue film which he as-
sumed was identical to the (SN), prepared by Burt in l910.~ These observations
led us to speculate that the colored by-products accompany ing S2 N 2 might indeed
be isolable and polymerizable. Their color suggests that they might be free radica l
species such as SN. or hi gher analogs. Therefore , the likelihood of thei r crystal
structure being identical to S2 N 2 seems remote, and the possibility of their poly-
merizing to unusual forms of(SN), needed investigation.

Pyrolysis. Isolation , and Polymerization Techniques

The products from the silver-wool pyrolysis of S4 N 4 that had been purified by
fractional sublimation were condensed on a liquid-nitrogen cold finger. Typically,
the S4 N4 was heated to 80— 100°C , while the silver-wool zone was kept at 250—
300°C at a vacuum of 10 6  torr , with continual pumping. The total product
was then transferred to another liquid-nitrogen trap by allowing the pyrolysis cold
finger to warm up to room temperature.

Sw high-vacuum fractionation procedures, three main products were isolated: a
dark-brown material , a colorless material (S2 N 2), and a deep-red material. The
relative volatility of the freshly prepared materials is red > brown > S2 N 2 . A

•Tki work was supported by the National Science Foundation under grants DMR .
7424202 and DMR 77-01055. The work on clathration of (SN), was also supported
b, s~, iii Prop~Ision Laboratory under Contract Number 954326. Manuscript received
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typ ical set of conditions involves sublimation from trap 1 (—9°C) to trap 2
(—3 1°C) to trap 3 (— 196°C). Appropriate fraction cutting leaves brown material
and S2N 2 in trap 1, and red monomer in trap 2. The brown material is then
separated from S2 N 2 by rap id fractionation from a trap at 0°C to a li quid-nitrogen
trap.

The fractionation conditions and tem peratures of the traps employed were,
however , found to vary from preparation to preparation , presumably depending
on loca l pressure, flow rate, and relative amounts of the mixed products. In

- 
several preparations , multip le fractionations had to be conducted in order to
achieve effective separatio ns.

Mass spectral anal ysis of the red monomer was conducted at the Naval Re-
search Laboratory by an electron-impact quadrupole mass spectrometer .’ By ob-
serving the relative mass ratios as red and colorless materials were volatized , and
by observing the clear predominance of the mass 46 peak for red material , an as-
signment of the structure SN. was made.7 The monomer vapor pressures were
— 0.035 torr for red and — .02 1 torr for S2 N 2 at 0°C. No assignment could be made
for brown material , which polymerizes extremel y rapidl y.

During t rap-to-trap -transfer , and/or in subsequent transfer of isolated frac-
tions , crystals of “red” and “brown ” materials were grown and allowed to
polymerize. These crystals polymerized to golden , lustrous (SN), crystals at rates
that are appreciabl y different from S2 N 2 polymerization. We will refer to these
crystals of (SN), as red, brown , and normal (fro m S2 N 2), even tho ugh the color
of all the polymer crystals are identically golden . The rates of the initial poLy-
merization at room temperature (as observed by the formation of a golden luster)
are of the order of hours, minutes, and days, respectively. To complete the poly-
merizations , long-term storage at room temperature of all of these crystals was
conducted , and most crystals were annealed at 75°C prior to determination of
their properties .

Crystal size and quality of red (SN), was adequate for cond uctivity measure-
ments, but brown (SN),, crystals large enough for such studies have not as yet
been obtained. Elemental analysis of red (SN), was extremel y satisfactory (%N

• 30.46, %S 69.52), but brown (SN), contained some impurities (%N 29.26 , °/0S
67 .91). The theoretical values are %N 30.40, %S 69.60.

Magnetic Properties of Red and Brown Precursors

• S2 N 2 is known to be diamagnetic; during the polymerization , a paramagnetic
species is formed and subsequently decays as the polymerization proceeds.8 To
stud y the nature of the red and brown precursors and their relative rates of poly-
merization , electron paramagnetic resonance (EPR) spectra were determined by a
Varia n V-4502 spectrometer operating in the X-band microwave region , recordi ng
spectra at — I I  8~. For the time-dependent polymerization studies., samples were
wa rmed to room temperature and then quenched to — 118° again to record the
EPR trace . Because of the difficulties in separation of pure red and brown ma-
terials from S2 N 2 , the spectra were obtained on polycrystal line samples con-
tam ing approximately 50—70% of red or brown material admixed with S2 N 2.

The EPR spectrum of the red monomer is shown in FIGURE I , and is consistent
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with the structure being SN. . The cen ter of the two main peaks of this pattern is
a tg = 2.013. The asymmetry is presumably due to an anisotropicg tensor. This
initial signal decays as soon as the sample is warmed , and is replaced by a signal
that appears to be characteristic of partiall y poly merized material with a g value
of 2.005.

As opposed to this behavior , the brow n precu rsor is dia m agnetic . U pon wa rm-
ing, an EPR signal is obtai ned that is essentiall y identical to partiall y polymer ized
red (SN),, altho ugh the li ne width is slightly broader for the brown material

g=2.013

/ 

— —

— — 

U 

H,

9=2.005

FIGURE I .  EPR spectra at — 118°C of red monomer SN., and of partially polymerized
red monomer after warming to room temperature for — I hour.

(FIGURE 2). A comparison of the relative rates of polymerization can be seen in
FIGURE 3. We have not as yet done our own comparison of these rates of poly-
merization wi th S2 N 2 ; data from the University of Pennsylvania group on S2 N 2
are given in FIGURE 3. The rate of polymerization can be quite variable from
sample to sample, and one suspects that some free radical quenching processes
may be involved.

- 
- 

- X-Ray Diffraction Unit Cell Data on Red, Brown , and Normal (SN) ,

Powder diffraction films were produced by the Gandolfi-random izer technique
with indexing checked by precession (Buerger) camera films from the same crystal

-
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g=2.005

FIGURE 2. Comparison of EPR spectra at — 118°C  of partiall y polymerized red and brown
precursors after — I hour at room temperature .

I~~~ 

- 

. 

-

~ 2 \ Red (SN) 1
/ Brown (SN) 1 - -  • 

. I \ Normal (U. of Pa.).——

-

S

TIme (hr.) at Room T.mp.

Fiouaa 3. Relative rates of polymerization of red and brown monomers as indicated by -

- the amplitude of the EPR signals . Data from University of Pennsylvania on S2 N 2 poly.
- 
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Typical exposures of 72— 100 hours recorded 48 reflections (for polymers from red
and S2 N 2 precursors), of which 2 1 were sharp enoug h for least-squares refinement
of unit cell values. FIGURES 4 and 5 present some of the powder-diffraction films
and a typical precession photograph. Unit-cell parameters are indicated in
TABLE I , and are compared with data from the Molecular Structure Corporation-
University of Pennsylvania structure determination.

I BROWN

FIGURE 4. X-ray powder diffraction patterns produced from sing le crystals via the
Gandolfi -randomizer technique of (top) red and normal (SN),. and (bottom) red and
brown (SN),. Back reflections allow film-shrinkage cor rections.
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~~

~~

‘ I . .

~~

FIGURE 5. Zero level x-ray (MoKa) precession photograp h of red (SN),.

The results on crystals grown from the red precursor indicate considerably
sharper reflections and smaller standard deviations than observed for n ormal
(SN),, but the crystals have essentially the same unit cell parameters. Note that
the Penn “c” parameter is slightly la rger tha n ou r own determinatio n on nor mal
(SN),, or on red (SN),. The brown precursor , on the other hand , forms polymer
crystals with identical b and c para meters, but the a parameter is well outside the
standard deviation.

As discussed by Baughm an et al.,9 polymerization of S2 N 2 may occur by one
poi nt cleavage of S2 N 2, in which case the solid-state polymerization must be
nonuni que, and disorder must be introduced into the polymerizing phase. If , on

TABLE I
• UNIT CELL PARAMETERS FOR (SN), PREPARED FROM THREE DIFFERENT PRECURSORS ’

Precursor a ( A) b (A) c(A) fl°
Red No. I 4.151 ± .002 4.439 ± .001 7.586 * .004 109.35 ± .03

Red No.2 4.132 ± .002 4.427 ± .00 1 7.592 ± .003 109.43 ± .02
S2N2 4.144 ± .008 4.427 ± .003 7.587 ± .012 109.5 * .1
S2 N 2 (Penn)t 4.153 ± .006 4.439 ± .005 7.637 ± .012 109.7
Brown 4.302 ± .002 4.423 ± .00 1 7.576 ± .002 108.19 ± .03
‘All the unit cell data are reported on single crystals of (SN), of monoclinic symmetry ,

space group P2 1 /c.
tMiku l ski , C. M., P. 3. Ru sso, M. S. Saran , A. 0. MacDiarmid , A . F. Garito & A. 3.

Heeger. 1975 . J. Amer. Chem. Soc. 97: 6358.
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the other ha nd, S2 N 2 cleaves into two SN radicals which react in separate chains,
the polymerization may occur as a unique reaction , in trod ucin g less disorder in the
polymerizing phase. The differences in the behavior of (SN), generated from SN.
and S2 N 2 at various stages in the polymerization will be interesting to examine
in this context , and indeed the quality and properties of (SN), grown from the
red precursor may undergo fu rther changes as the pur ity and crystal growth of
polymer are further explored. As to brown (SN),, its crystal structure appears to
be different. It is our intent to examine the crystal structure of the precursor
phases at low temperature and the dynamics of the struct ural cha nges during
polymerization in order to understand the topochemical aspects involved.
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FIGURE 6. Thermogravimetric analyses of red and normal (SN),.

Thermal Propert ies

Thermogravimetric analysis (TGA) was conducted on a DuPont 990 TGA
system (at Princeton University), which was carefully purged with helium for two
hours prior to a TGA scan. 10 Polymer samples of red and normal (SN), of com-
parable particle size and weight were chosen , and the TGA curves are given in
FIGURE 6. From the equation dW/ dT — Ae~~E/R T(l  — W)” , which gives the
change in sample weight W with temperature in terms of the activation energy

- 

- for sublima t ion ~E, a distinct difference in ~E for normal (29 ± 3 Kcal mole~~)
and red (52 ± 3 Kcal mole~~) was observed The value of ~ E for normal (SN), 
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agrees well with that obtained via field desorption mass spectral measurements of
29.0 ± 0.S Kcal mole *’

This difference in thermal property is also seen in differential scanning
calorimetry (DSC) studies, employing a Perkin-Elmer DSC- 1 13. Two-hour purges
with heliu m gas of sample and sample housing prior to a scan were cond ucted , and
the data are given in FIGURE 7. Normal (SN), appears to start subliming (de-
composi ng) at — 140°C , whereas red (SN), does not begin subli mation until
— 175°C. Both normal and red samples, however , show the major endotherm at
248°C.

I n light of the identity of the crystal structures of red and normal (SN),, these
differences in thermal stabilities must involve a macroscopic property associated
with the degree of order (or disorder) in the respective crystals.

I I I I I I I I
0 .  -
x

120 160 200 240
Temperature (C)

FiGURE 7. Differential scanning calorimetric determinations on red and normal (SN),.

Conductivity and Superconductivity

We have succeeded in obtaining crystals of red (SN), of sufficient quality and
size to evaluate the normal and superconductivity, but have not succeeded with
brown (SN), . Their physical perfection and normal conductivity is reminiscent
of the early measurements on normal (SN),.~~

2 The red crystals are highl y
striated and have a room-temperature conductivity of — 1200 fl ‘ cm ~ . They
show a wea k conductivity maximum — 2 times the room temperature value at
— 50° K (FIGURE 8). The conductivity at l’K is — 1.3 times the room temperature
conductivity. For red (SN), having a a~~~ of 1500 ~~~‘cm ’, the midpoint
of the superconducting resistive transition is — 220°mK (FIGURE 9). As observed in
poor normal (SN), crystals , there is a large residual resistance in the red (SN),
sample which undoubted ly reflects a high density of fiber-segment j unctions .’3~’4

Because the unit cell parameters of brown (SN), appear to differ from red and
normal (SN),, further efforts to achieve crystal growth and determine normal and
superconductivity are under way.
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FIGURE 8. Temperature dependence of the conductivity of red (SN), normalized to room
temperature.

1.0 - ~~~~~~~~~~o—A -

/

0’ -

E /o 1o
U 0

/ -

I— /
Ioo

0 0  0
— 

.___
o

08 I I
100 200 300 400

TEMPERATURE (mK)

- - - Fiouas 9. Superconducting, resistive transition of red (SN), (—).  Measurements were
made at a current level of I x l0_ 6 A. For comparison purposes, data are shown on a poor

- 
- 

-- 
- quality normal (SN), crystal (- - - -) having a large residual resistance and relatively low

~~~ 
..~~ 4 superconducting transition



754 Annals New York Academy of Sciences

Conclusions

There are subtle differences between (SN), crystals formed from red SN. and
S2 N 2, probabl y relating to the degree of order resulting during the polymerization.
Brown (SN), appears to have a different crystal structure. Isolation of better
crystals of both materials is necessary to establish the variations in properties
associated with degree of order and crystal structure.

I NCORPORATION OF (SN), INTO CHANNELS OF MOLECULAR DIMENSION

Introduction

The use of inclusion compounds that form canals of molecular dimension as
— hosts for polymerization reactions was first reported by Brown and White ,15- ’6

their idea being that the long regular canals should serve as temp lates for stereo-
specific polymerization reactions. For examp le, thiourea forms a canal comp lex

— 

with 1,3-cyclohexadiene, and the resulting polymer formed on irradiating the
complex with ionizing radiation showed considerable stereoregularity.

Polymerization of S2 N 2 in such canals could answer two important questions:
(I )  What are the properties of isolated (SN), strands? and (2) what are the possi-
bilities that conducting strands in a properly chosen dielectric matrix would fulfill
the struct ur al req uirements of the Little model for hi gh-temperature super-
conductivity? ’7

We therefore chose a number of clathrating hosts that have been reported to
form canal complexes with monomers having cross-sectional diameters � 6 A.
Experiments were conducted with benzophenone ,’8 thiourea ,’5 and perhydro-
tripheny lene (PHTP). ’9 In addition , a “porous crystal” was studied—a sing le
crystal of the zeolite morden ite 20—which has preformed channels of — 6 A. The
clathration studies involved solution growth of clathrate sing le crystals from an
S2 N rhost-solvePt system at low temperatures. Mordenit e single crystals were
allowed to adsor b S2 N 2 from the vapor phase.

Preparation

A typical procedure is given for the host PHTP . P 1-lIP (88 mg, 0.36 mmoles)
in 12 ml of tetrahydrofuran was degassed in a hi gh vacuum line (10-6 torr) and
S2 N 2 (31 mg, 0.33 mmoles) condensed into this mi x t ure at li quid-nit rogen
temperature. The ampoule was then placed in a — 1 5°C  constant-temperature bath ,
the solution having a very light straw-yellow color. Slow solvent transp iration

t in vacuo to a — 27° side container was conducted , and — 5 ml of solvent was re-
moved in six days, whereupon an array of fine colorless needles formed , some of
which were —2 mm in length. These were removed from the residual solution in a
nitrogen-purged glove box. Some of these crystals appeared to have dark filaments
run n ing along the needle axis . Additio na l crystals were harvested by further sol-
vent removal in vacuo from the apparatus . These crysta ls were stored for various

- —7- — — -.-w~-— -~ — —.-- - - rfl—. 
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FIGURE 10. Photomicrograph taken between crossed polarizers of a perhydrot ripheny lene-
(SN )~ crystal.

periods of time up to eleven months in vacuo at room temperature. The black
filamentary lines observable in many of these crystals are shown in FIGURE 10.

In the case of benzophenone, growth of (SN)
~~ 

single crystals of macroscopic
dimensions in a polycrysta lline benzophenone matrix was observed (FIGURE I l ) .
For thiourea , needle-like crystals of clathrate formed , but this was accom panied
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FIGURE 11. Photomicrograph of an (SN), crysta l growing in a bcnzophenone matrix.
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by color formation in solution; a deep cherry-red color formed rapidl y at — 15° . A
few needle-like crystals were removed, but no observation of filaments , as in the
PHTP preparations , could be made. This system seems complicated by side reac-
tions between S2 N 2 and thiourea.

Mordenite sing le crystals were placed in a vacuum of l0_ 6 tor r , dehydrated at
500°, and exposed to S2 N 2 vapor. Immediately, the transparent needle-shaped
crystals developed a light-yellow coloration. After one or two days , dark filaments
appeared to form along the needle axis. After storage for one to three months,
these filaments li ghtened or disappeared.

- 
Properties

Microprobe analyses were conducted (E. F. Fullam , Inc.) on the PHTP-(SN),
crystals to confirm that the dark filamentary lines observed opticall y were indeed
(SN),. By presetting the x-ray detector to the sulfur Ka peak and conducting a
line-scan through the filament, a strong signal for sulfu r was obtained as the beam
passed th rough the fila menta ry zone. Morden ite crystals also con tai ned sul fur ,
but the concentrations are too low to determ ine the sulfur distr ibut ion in the
crystals.

The filamentary zones in the PHTP crystals are of the order of one to two ~ in
dia meter in crystals of —60 ~i diameter . These zones can either be macroscopic
inclusio ns as the crystals grow, or tr ue clath rates. The number of such zones, the
quality of the crystals, and the continuity of these filamentary zones all present
problems in evaluating their properties. All attempts, to date, to measure any
significant conductivities along the filaments have failed.

Conclusions

(SN), can be incorporated into channel-like hosts; the polymeric strands are
highly interrupted and spatial distribution is irregular . it is, therefore, not clear
whether (SN), is incorporated in to macroscopic inclusions or is trud y clathrated .

(SN), CR YSTALS GROWN FROM SOLUTI ON

During the work on clathration of S2 N 2, techniques were developed for pre-
• paring stable solutions of S2 N 2 in solvents such as tetrah ydrofuran . Accompany-

ing the formation of crystals of host-containing clathrated or included (SN),,
single crystals of (SN), were also obtained. Growth of S2 N 2 crystals in pure sol-
vent systems (without “host ”) have also been attempted. Both programmed cool-
ing and solvent evaporation can lead to well-formed sing le crystals of S2 N 2.

We have recent ly observed that these crystals of S2 N 2 in tetrah ydrofuran are
stable in the dark at temperatures below — 25’. However , upon irradiation with
a weak tungsten source (a microscope illuminator), these transparent crystals
attai n a dark color within 30 seconds at temperatures as low as — 60’; i.e., poly-merizatf on is photo-induc ed. The polymerization rates at these low temperatures 4
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after this irradia tion are, of course, very slow. At — 35° , a golden luster starts to
form on these crystals after several weeks, but complete polymerization at these
temperatures will undoubtedly require several months of storage. Variations in
either degree of order or crystal structure as compared to normal (SN), will be
evalua ted in these crystals in the near future.
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DISCUSSION

ALAN G. M ACDIA R MID : Have you observed either red species or brown species
acting as a catalyst for the polymerization of S2N 2? We found , for example , that
if we do not purif y the S2 N 2 very well from these other species, one can get a very
rapid polymerization to (SN),, whereas if one takes a crystal that has been poly-
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merizing for a couple of days and pumps out the S2 N 2, one can get S2 N 2 which
can remain color less at room temperature for several hours. So it wou ld appea r
that some of these other species are probably catalysts for the polymeriza tion of
S2 N 2 itself , and we have even wondered if S2 N 2 if absolutel y pure would indeed
polymer ize spontaneousl y.

LABES: The colored species can act as catalysts for the polymerization of S2 N 2 .

This is indicated in FIGURE 3 by the more rap id appearance of the EPR signals for
the red and brown mo nomer mixtures with S2 N2 as compared to pure S2 N 2 . Hi gh-
purity crystals of S2 N 2 are cons iderably more stable at room temperatur e than
those which contain impurities.

RICHARD FOREMAN (Na tional Bureau of Standards) : We have been able to
prepare the same brown and red phases from S4N 4 under high pressure , i.e., 60—
110 Kbar. We have some Raman data that does differentiate the vario us red an d
brown phases under pressure. It is not a clean experiment, because we have pen-
tane/iso-pentane in the cells to provide a pressure medium . If you run the cell
ungasketted with no pressure-transmitting fluid, S4N4 will detonate.

bRYAN STREET: If, during the preparation of S2N2, the pressure is allowed to
rise (e.g., by increasing the rate of vaporization of the S4N4), the resulting S2N2
crystals become contaminated and can vary in color between red and brownish

- 
. red. These well-faceted crystals never comp letely polymerize, and unlike pure

S2 N 2, they partially melt if allowed to warm to 2 1°C. Mass spectrometry shows
they contain S4N2. If the remaining S2N2 is allowed to polymerize, copper-
colored rather than golden crystals of (SN), are obtained , and these crystals have
inferior electrical properties.

LABES: You are correct in stating that S4N2 can be fo rmed in the prepara tion
of S2 N 2 at high rates of S4 N 4 sublimation. However, the red monomer discussed
above is not S4 N2, the proper ties of which are well known. It differs from S4 N 2 in
terms of magnetic properties , physical properties at room temperature , and vapor
pressure. The red SN. monomer is paramagnetic , whereas S4 N 2 is reported to be
diamagnetic. The red monomer is a crystalline solid that polymerizes rap idly at
room temperature. Tetrasulfur dinitride is an unstable liquid that evolves gas at
room temperature. The SN. monomer is more volatile than S2 N 2 ; S4 N 2 is much
less volatile. Indeed, S4N2 has a vapor pressure grea ter than bu t comparable to
that of S4N4.
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MASS SPECTRAL STUDIES OF (SN)~ VAPORS

F. E. Saalfeld , J. J. DeCorpo, J. R. Wyatt ,
P.1. Mah , and W . N. Allen*

Chemistry Division
Naval Research Laboratory

Washington, D. C. 20375

INTRODUCTION

Recent investigation s~
3 of polymeric sulfur nitride, (SN)~, have created con-

siderable interest in the scientific community. Althoug h most emphasis has been
on the conducting properties of (SN)~ and the mechanism of its conduction ,
several physical and chem ic& studies have also been made. Sm ith et al.4

~ showed
from mass spectrometric data that the (SN)~ vapor species form ed by sublimation
of the crystal is a single species, (SN)4 , having a ‘linear ” structure. These studies
also revealed a hydride impurity of I—S atom percent. No other bulk impurity
was detected.

This paper reports a more detailed investigation of the hydride impurity. We
show that the hydride impur ity consists of a sin gle species with a molecular weight
of 215 ~ 5 amu. The magnitude of the hydride impurity concentration in (SN)~is rather surprising and has been confirmed by other workers .6 The hydride im-
purity or its precursor may play a role in the solid-state polymerization of S2 N 2 4to (SN)~. We have examined (SN)~ samples prepared in this laboratory and two
other laboratories ,7 and find the hydride results reported here independent of
preparation.

In addition , we also report preliminary data on the vapor species observed
when (SNBr ,~)~ is sublimed. 81 ’  The mass spectral study of the vapors of this
brominated compound provides evidence for the existence of SN Br.

EXPERIMENTAL

The apparatus used to study (SN)~ sampl es was descr ibed previously.~ For
completeness, however, we will briefly review it here. All electron impact spectra
were recorded by an Extranuclear quadrupole mass spectrometer equipped with a
molecular beam, high-efficiency ionizer. The (SN)~ was placed in a heated
Knudsen cell from which the vapors effused , forming a molecular beam. This
molecular beam was mechanically chopped. This eliminates the mass spectra of
background gases and allows detection of only mass peaks due to the species in
the molecular beam. All electron-impact spectra were obtained with use of identi-
cal instrument settings. The electron energy was normally set at 14 electron volts.
Spectra were also obtained from an open Teflon~ cell and were identica l within
experimental error with the spectra obtained from the Knudsen cell.

Appearance potential (A.P.) measurements were made to help identify the

. .  
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volatile species in the electron beam. The A.P .s were obtained from ionization
efficiency curves (plots of ion current vs. ionizing electron voltage), wh ich were
measured by time-averaging the ion currents. Onl y relative appearance potentials
were desired. Therefore, linear extrapolations of the straig ht- line portion of the
ioniz at ion effi ciency curves we re used to determ ine the appearance poten tial. We
est imate the accuracy of our reported appearance potentials as ± 0.6 of a volt , and
the precision of the measurement was ± 0.3.

Phase-angle mass spectrometry ’2 was used to identify the mass of the major
neutral molecular precursors of the species in the ion beam. The time-of-flight of
the neu tral molecules from the chopper, which is located just behind the mo lecu lar
bea m skimmer to the ion source, is a fun ction of the m ass of the neut ral species
and is manifested in different flight times that correspond to different phases
angles. All ions from the same neutral molecular species will be characterized by
iden tical phase angles. Compounds with well-characterized mass spectra such as
benzophenone , benzil , and sa licyclic acid were u sed as sta ndards to calibrate the
phase angle vs. mass. This calibration curve was then used to determine the mass
of the neutral species volatilized from (SN)1 and (SNBr 35)1.

A modifi ed Varian CH 7 mass spectrometer was used to measure the field
ioni zation (Fl) and field desorption (FD) mass spectra of the (SN)1 vapors. The
Fl spectrum reported represents an average of 20 spectra and are typical of the
results obtained over a temperature range 100—160°C. The FD spectrum reported
is also the average of 20 spectra over a temperature range of 30—200 °. The FD
spectrum was temperature independent in this temperature range . As reported5
previ ously, the FD field emitter was prepared by sublim ing va rious samp les of
(SN)1 under vacuum at 180—200°C on the field emitter surface .

Of cri tical importance in the hydride st udies was the measur emen t of the ion
isotope abundances at each of the (SN)1 ion clusters. The techni ques for measuring
isotope ratios are well known. Beynon ’3 presents an excellent description of these
measurement techniques and their potential errors.

RESULTS AND DISCUSSION

(SN) 1 Vapors

The mass spectral properties of (SN)1 vapors have been reported previously.”5
Therefore, these results will be only briefly summarized. The mass spectra , electron
impact, field desorption , and field ionization of (SN)1 vapors and S4 N 4 vapors are
given in FIGURE I , and the A.P.s are shown in TABLE I. From FIGURE I and
TABLE I we can make the following observations: (I) the electron impact spectra
of (SN)1 vapors and S4 N4 arc different; (2) the A.P. of the major ions from
(SN)1 vapors and S4 N4 are different; (3) the field desorption spectra of (SN)1
vapors and 54 N4 arc identical; and (4) the field ionization spectra of (SN)1
vapors and S4 N 4 are considerably different. The field ionization mass spectrum of
(SN)1 vapors shows the major ion as (SN)3 ”, whereas the S4 N4 field ionization
spectrum shows only a molecular weight ion at mass 184.

The electron impact data , by phase angle detcction, show, with one exception
(see below), that the (SN), vapor consists of only one species (all ions in the (SN)1 
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FIGURE 1. The electron impact , field ionization , and field desorption mass spectra of
(SN) 1 and 54 N4.

vapor spectrum have the same phase ang le) with a molecular weight of 190 ± 10.
The only reasonable chemical composition for this is (SN)4 (mol wt 184). The fact
that the FD spectra of (SN)1 vapors and S4 N4 are identical under this very gentle
type of ionization confirms 184 as the molecular weight and also the chemical
composition. According to Beckey and Schulten ,’4 linear molecules fragment
under field ionization , whereas cyclic compounds do not. Therefore , since the

TABLE 1
COMPARISON OF APPEARANCE POTENTIALS FOR VARIOUS IONS

FROM S2N2, S4 N4, AND (SN)1 VAPORS

Ion (rn/c) S2N2 S4N4 (SN),
SN ” (46) 13.0 14.1 13.4

(64) 12.9
S2 N ’ (78) 12. 2 10.1
S2 N2 ’ (92) 11.5 13.7 11.2
S3 N2~ (124) 10.5
S3N3 ’ (138) 12.3 9.5 A

S4 N4~ (184) 10.4 9.8

-
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(SN)1 vapors fragment to (SN)3~ (mass 138) in field ionization whereas the
cyclic compoun d, S4 N 4, gives on ly the molecular weight ion , S4 N 4 ’ (mass 184),
we conclude that the (SN)1 vapo r species has a “li near ” structure.

Hydride Impurity Study

FIGURE 2 shows the mass spectrum of the hydride ion species after the (SN) 1”
ions have been subtracted from the spectra of the (SN) 1 vapors. For comparison ,
the (SN)3~ ion currents from (SN)1 va pors are also shown . The phase-angle data
for the hyd r ide are show n in FIGURE 3. These data ind icate that all of the hyd r ide

‘000

s3p1
3

4’ j
ioo S2 N2H~

c

o 10 
S N H 4
3 3

N2H 1

~ I sNH: 

~LI
m/z

FIGURE 2. The mass spectrum of the hydride impurity obsurved in the (SN)1 vapors. The
hydride spectrum is given in the solid bars. For comparison , the S3 N 3+ ions from the
(SN)1 vapor species are shown with open bars.

S

ions originate from a single neutral species having a molecular weight 215 ± 5
amu). A reasonable chemical composition for this molecular weight is HS5 N 4.
The clastogram for the hydride is shown in FIGURE 4. A clastogram is the measure-
ment of the ion intensities as a function of the ionization energy. The hydr ide
clastogram shows the common relationships between the various hydride-contain-
ing ions and supports the conclusion of the phase-angle measurements: that the
hydride is a single neutr al species.

The hydride impurity is not observed in the Fl or FD spectra. This observa-
tion suggests that the hydride impurity , HS5 N 4, may have a linear structure .

Solid-state, nmr studies were performed in our laboratory by Dr. Henry
Rcsing. These nmr results are very preliminary; however, they do show a hydro-
gen-containing species in the solid (SN)1 samples. Interpretation of the nmr
spectra is not clear as to whether the hydrogen species is concentrated on the
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surface of the crystal or whether it permeates completely through the system. The
hydrogen is chemically bonded and is not surface water. This system is now being
actively studied. The mass spectral data indicates that the hydride is evenly
dist ributed uniforml y th rough the crystal. This observation was determined by
measuring the hych ide concentration throughout the evaporation of several (SN)1
crystals. The hydride concentratio n did not va ry during the evaporation.

To determine the or igin of the hyd ride, several experiments were carried out.
The starting material , S4 N 4, was analyzed and found to be hydrogen-free . In addi-
tion , S2 N 2 , which is an intermediate in the synthesis of (SN)1 also was anal yzed
and found hydrogen-free , S2 N 2 was analyzed both in situ following its formation
by passing S4 N4 through heated quartz or silver wool and by the evaporation of
S2 N2 crystals. Both analyses were identical. We conclude that the hydrogen species
is introduced into the (SN)1 crystal during this solid state polymerization.

We believe the hydride is present in (SN)1 crystals at 1—5 atom percent and
vapor izes as a single molecular species having a molecular weight of 2 15 ~ 5 amu.
A reasonable chemical composition of a species with this molecular weight is
HS5 N 4. Our Ft and FD data suggest that the structure of this hydride is probabl y

V “linear.” We believe that the hydride species results from a reaction involving
water on the surface of the system during the solid-state polymerization. Several
questions , however, still remain unanswered . The most important is what role
the hyd ride has in (SN)1 electrical conduction. This is important because all
(SN), material that we have analyzed contains the hydride species.

(SNBr35 ) 1Studies

We have also studied the recently reported8 II  (SN Br ,35 )~ species. Mass spectra
of(SNBr .35)1 are reported in FiGUR E 5 as a function of temperature. The results
of the phase-angle measurements of the bromine-containing species are given in
FIGURE 3. As can be seen from FIGURE 5, the bromine-containing ionic species
change with temperature. At the lower temperatures the major bromine-contain-
ing species is Br 2~. The Br 2 ” becomes less important at higher temperatures and
the SNBr ” ion becomes more important. Phase-angle (FIGURE 3) measurements
on the SNBr 4’ ion indicate the mass of the neutral precursor of the SN Br ”’ to be
129 ± 8 amu , or SNBr.

We interpret the mass spectral data to indicate that the bulk of the bromine in
(SNBr 35),, is intercalated between the fibers of the (SN)1 crystal. This interpre-
tation is consistent with the recent literature reports. IO.I I  In addition , some of the
bromine has reacted with (SN)1, as indicated by the presence of ions at rn/c 125
and rn/c 127 (SNBr ” ) .

It is noteworthy that, while ions containing only sulfur and bromine were
observed, no ions containing only nitrogen and bromine were detected . This sug-
gests that the bromine is bonded to the sulfur. It also appears from our mass
spectrometric data that the bromine has reacted with the hydrogen-containing
species to produce HBr. Note the peaks present at rn/c 80 and rn/c 82 which
appear at lower temperatures. These results are very interesting and raise the
question , “Has one improved the conductivity by removing the hydrogen contain-
ing species?” Our data is not sufficient to answer the question at this time. 
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CONCLUSIONS

In this report we have summarized previous studies on (SN)1 vapors and re-
ported a series of new results on a h ydride impurity in (SN)1 and the mass spec-
trum of the vapor from (SNBr 35)1. The hydride impurity vaporizes as a single
species with a molecular weight of 2 15 ± 5 amu. We bel ieve the hyd r ide m ay have
a “li near” structure with chem ical composition of HS5N 4. Mass spectra of
(SNBr 35)1 vapors show two principal brominated species: Br 2 and SNBr. The
Br 2 can be distilled from the crystal at lower temperatures. At higher temperatures
the major brominated species is SNBr. Furthermore , no hyd ri de was observed in
the (SN Br .35 )1 material.

140 °C

40 SN~ SBr ”~ S3N3

2 0 J  Br’
~ ~2~12’ SNB ’/ S2Br2 ”

HBr Br2.1
- ~~~~. . 1 .  I

80°C
w 60
I.-
~ 40

20
. 1  _ _ _ _ _ _ _ _ _

60 - 40°C

40
20 I

I I i _______________________

40 60 80 100 120 140 160 180 200 220 240
M/Z RATIO

FIGURE 5. The mass spectra of (SNBr 35)1 vapors as a function of temperature. The
change of the spectra with temperature is evident. Only major monoisotopic peaks are in-
cluded .
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DISCUSSION

A. R. SIEDLE (National Bureau of Standards): Is the h ydrogen in this hydride
species exchangeable? For example , if one clea ns the glass apparatus with D20, is
deuterium incorporated into (SN)1?

SAALFELD : We observed some enrichment with the use of D20, but the experi-
mental results were not suffic~entIy clear that we can say what the mechanism is
for deuterium incorporation.



CHARACTERIZATION OF POLYMERIC SULFUR
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Polymeric su lfur nit r ide, (SN)1, is currently being st udied as an electrode ma-
terial in aqueous ~~~~~~ with the ulti mate goal of producing chem icall y modified
electrodes.3 This m aterial is of particular interest in this area , since an electro-
chemically active species can , in principle, be covalen tl y bonded to it without the
loss of its electr ical properties .

Electrodes were prepared by exposing only one face of an (SN)1 crystal to the
solution at a time. Parallel an d perpendicular electrodes are those wh ich had either
the sides or ends of the (SN)1 fiber bundles exposed to the electrode/solution inter-
face, respectively . Un less otherwise noted , th e electrochem ical behavior of these
electrode surfaces was identical

Preliminary studies using cyclic voltammetry and cyclic chronoamperometry
have show n that (SN)1 can be used as an electrode material in aqueous media
under a variety of conditions. ’ Faradaic background curre nts, prior to cathodic or
anodic breakdown (ca. — 1 .25 and +0.7 V vs. SCE in 0.5 M KCI , respectively),
were observed whi ch in dicated that sur face fu nctio n al groups undergo oxidation
and reduction reactions as the potential is scanned negatively and positively,
respectively. Current magnitudes increased as the concentration of supporting
electrolyte was increased or as the cation was changed in the order: lithium ,
sodium, potassium , and cesium. Higher charge-density cations such as lithium and
calcium also extended the potential at which cathodic breakdown occurred . No
hydrogen evolution was observed at cathodic breakdown potentials above
pH — I .

The Fe(CN)63’/ Fe(CN)64 couple was used in cyclic voltammetric and
chronoamperometric experiments to compare the behavior of (SN)1 electrodes
with other solid electrode materials.2 A typ ical cyclic voltammogram of K 3-
Fe(CN)5 obtained with an (SN)1 electrode is shown in FIGURE 1. It was found that
this couple behaves nearly the same at (SN)1 and platinum electrodes under the
same experimenta l conditions.’

Electrochemical dependence on crystal orientation (parallel and perpendicular)

Supported by the National Science Foundation, grant CHE76-0432 1. R.N. is the recipi-
ent of The Edward Weston Fellowship for 1976 from the Electrochemical Society. Manu-
script rece:ved Oct. 3, 1977.
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4~~A FIGURE I. Cyclic voltammogr am of
0.05 M K 3Fe(CN)6 in 0.05 M KCI
(SN)1 electrode. Scan rate = 0.020 V s~

I I I I ~l _
.4 5  •35  -2 5  ‘$5  ‘05

V vs. SCE

and the first example of chemical modifica tion of an (SN)1 electrode have been re-
ported in lead deposition studies.4

In the present study the kinetic probe technique’ with the soluble redox
couples, 1O3 / I  

- and Is/I , was used. These systems, which have been widely
studied,’ have slow electron-transfer kinetics and were found to be convenient for
the characterization of the (SN)1 /solution interface before and after chemical
modificatio n. This modification consisted of brief immersion of (SN)1 electrodes
into solutions containing various ~~~ species followed by thorough rinsing with
water.

In the negative potential region the iodate system was used to study the effects
of silver(I), palladium(II), or chromium(HI) pretreatment on (SN)1 electrodes.
After pretreatment of (SN)1 electrodes with these metal cations catalysis, i.e., the
positive shift in the value of the iodate reduction peak potential, was observed.

-
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For examp le, FIGURE 2 illustrates the influence of Pd( II) pretreatment on back-
ground currents (dashed) and iodate reduction (solid) using the same (SN)1 d cc-
trode . The value of the cathodic peak potential becom”~ more positive ca. 0.30 V
after pretreatment of this electrode with Pd (lI) solution. It is also noteworth y
that gas bubbles, presumably hydrogen , form on the surface of the Pd(II) pre-
treated electrode in the cathodic breakdow n poten tia l region . Silver and palladium
are most probabl y present in the metallic state on the electrode surface because
of the chemical reduction of these ions by (SN)1 surface functional groups. Since
the reduction of Cr3” is not observed at (SN)1 electrodes,’ this species may be
present on the electrode surface in some com plexed or strongly absorbed state .
The catalytic effect on iodate reduction at p arallel electrodes is most dramatic in
this instance. Catalysis with respect to the reduction of iodate was also observed
on untreated (SN)1 electrodes which were electrochem ically oxidized and on silver
ion pretreated (SN)1 electrodes which were electrochemically or chemically (with
periodate) oxidized.

Studies of the 12/F system with modified (SN)1 electrodes revealed that pal-
ladium(II), silver(I), and mercury(II) pretreatment produce a modified surface
that is intermediate in its voltammetric behavior in iodide solutions between the
metallic state and unmodified (SN)1. This effect was only permanent with repeti-

T
IQO

~~
A

-l
’
2

£, V vs . SCE

FIGuRE 2. Cyclic voltammograms recorded with perpendicular (SN)1 electrode in 0.04
M J(lO~ and 0.25 M acetate buffer solution. A: untreated (SN)1 electrode; B. the same
electrode as in A, but immersed in 0.02 M PdCl 2 solution for approximately one minute.
Dash lines — curves recorded in 0.25 M acetate buffer without K103 present. Starting poten-tial — +0.6 V. Scan rate — 0.05 Vs ” 1.
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tive cycling for palladium(I l’ pret reated electrodes. Electrodes pretreated with
Cr 3” , Eu 3”' , Fe3” , or Fe2”' showed no catal ytic behavior wit h respect to the
12/ I couple.

In conclusion , it should be noted that in addition to its other metallj c prop-
erties,7 (SN)1 behaves much like a metal with respect to its electrochemistry, and
fu rther , it appears that it can be chemically modified qui te easily under extremely
mild conditions.

A more detailed study of the chemical modification of (SN)1 electrodes will be
presented in a future publication.2
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LIGHT SCATTERING IN BROMINATED (SN)~
5
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The first successful modification of the metallic polymer (SN)1 has been re-
cently reported. ”2 The physical properties of crystalline samples were significantl y
altered by the addition of bromine , up to (SNBr 0,,)1. The most pronounced change
occurs in the dc conductivity in the direction of (SN)1 chains. It increases by a
factor of ten , up to 2 x iO~ fl ” cm~~ at room temperature. The superconducting
transition temperature remains at 0.3°K. The appearance of the crystal changes
from golden to bluish-black , reflecting the 1 eV red shift of the “longitudinal”
plasma edge. Electron-microscope diffraction experiments show practically no
change in the (SN)1 lattice parameters upon bromination. The new feature ob-
served is a weak super lattice of (0, ~k, 0) period. Based on these and other data ,
a model of fibrous (SN)1 structure , with the bromine molecules on the outside of
the fibers , has been proposed.2

In this note we report preliminary results of a Raman-scattering investigation
of single crystals of brominated (SN)1, prepared as (SNBr 0,4). We find two very 4
strong bands at 154 and 222 cm 1, a number of overtones of the 154 cm - funda-
mental , and weaker modes at 450, 660, and 840 cm ’. All the features observed
are strongly polarized and can be seen only with both incident and scattered light
polarized in the direction of the polymer chains (a,,).

Spectra were recorded with a Spex 140 1 double monochromator with photon-
counting detection and digita l data storage. Various laser wavelengths , from
4579 A to about 6100 A were obtained from an argon ion laser and a tunable
dye laser. -

All the measurements were done at 300 K  or 80K with use of a back-scatter-
ing geometry. The incident power level was kept below 10 mW in a spot of about
0.5 mm dia. Higher powers result in bleaching of bromine ofT the sample, visible as
copper-colored spots. The sample was kept in an argon atmosphere while at room
temperature. -

In FIGURE I we show the polarized Raman spectrum of a pure crystal of (SN)1

before exposure to bromine. The principal features can be found at 456, 658, and
786 cm ’ and are in good agreement with spectra reported previously for (SN)1.3
The broad band centered at 890 cm - ~, better resolved in this spectrum , appears

Work at Cornell University supported by the National Science Foundation through the
Materials Science Center. Manuscript received June 6, 1977.
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to be an overtone of the 456 cm ”1 mode. No Raman bands can be seen in the
region between 120 and 250 cm -I~

FIGURE 2 shows the polarized resonant Raman spectrum of a (SNBr0.4)1
sample at SOK taken with 4579 A laser excitation. The most prominent feature
is a line at 154 cm ’~ . Higher harmonics of this line (up to 5th order) can be seen at
315, 473, 628, 792, and 847 cm~~ (~~2 cm ”). implying that this is resonance
scattering. The spectrum is very anisotropic. The scattering strength of the a3,7
polarization of the fundamental is about ten times larger than that of the a~,7 and
a11 components.

When one moves to red laser excitation (out of resonance), only the second

(SN)~
. 300K

>.
I-.
(I)z
I-

Ui
>

-J
Ui t

456 658 786

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_I I I I I I _,____ ._,___,__ L_
100 300 500 700 900 1100 cm ’

FIGURE I . Polarized kaman spectra of pure (SN)1 at 300 K taken with 6116 A laser line.

harmonic of the 154 cnf ’ line can be seen. Another strong feature (previously
obscured) becomes clearly visible. This is the line at 222 cm’ ’ , shown in FIG-
URE 2. This second line shows the same polarization behavior as the 154 cm ’
mode. We do not observe any overtones of’ the 222 cm~ mode. No other bands of
comparable strength were seen down to 30 cm ’.

The two strong bands are rather wide. At 300 K the FWHM is —20 and —40
cm ” for the 154 and 222 cni~ lines, respectively. These widths decrease by a fac-
tor of two at 80’K.

- - 
Weaker and broader features can be seen, as shown in the inset of FIGURE 2, at

- ~
‘
-~ .- 

-
‘ 450, 660, and 840 cm ‘.Their room-temperature widths are unusually large, on the

-: ~ 
~~- order of 70cm ’. They are only about half as wide at 80’K. This makes it possible
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FIGURE 2. Resonant Raman spectra of brominated (SN)1 at 80’K with 4579 A laser line.

- to distinguish these bands from the overtones of the two low-energy modes. These
three bands can be seen only with red laser excitation. They are strongly polarized;
nothing is visible in the a3,1 or a11 polarizations.

At incident powers in excess of 10 mW, partial debromination occurs, probably
due to local sample heating. All the spectral features remain , but the two bands at

WI 
(SNBr0~),

100 300 500 700 100 1100 CIT 1

- 
,, ~~~~~~~~~~ FI GURE 3. Polarized Raman spectra of brominated (SN)1 at 80K taken with 6116 A

‘~ laser line. Full-scale intensity of the expanded part is comparable to that of FlouRs 1.
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154 and 222 cm’~ become distinctly weaker compared to the th ree h igher energy
features. No variation in the relative intensity of two peaks at fixed wavelength is
seen in different samples or during debromination.

The energies of these two strongest Raman bands in brominated (SN)1 are
characteristic of a particular molecular form of bromine , Br 3 ’ .4 We did not see any
lines characteristic of other bromine species. (The assumption of Ref. 2 that the
bromine is present as Br 2 was based on a Raman observation in which onl y the
higher frequency peak was seen.) We were unable to find any published infor-
mation on the resonance behavior of Br 3 ’ . However , as in the analogous l 3 ’ ,~
there is a near uv absorption responsible for the selective resonance enhancement
of the higher frequency band , and many overtones appear close to this resonance.

The 154 cm ”'1 band can be assigned to the “symmetric (ii,) stretch mode of the
triatomic molecule of D ,,, symmetry, whereas the 222 cm ’ ba nd corresponds to
the “asymmetric” (v 3) vibrational mode. The polarization dependence of these
ba nds -is consistent with a linear molecule with its axis aligned parallel to the (SN)1
polymer chain direction. The strength of the y3 mode and the identical polarization
behavior of the two bands suggest that the brom ine molecule may be asymm etr ic.

The Br 3 molecule is expected to be too large to fit in the (SN)1 unit cell in the
b direction (b = 4.43 A 6) and could be responsible for the superlattice formation
observed in brominated samp les.2

Of the Raman features observed at 450,660, and 840 cm ”’ , the first two have
energies very similar to bands observed in pure (SN)1. The 840 cm~~ band mig ht
be the perturbed 786 cm ”~ (SN)1 mode. The pola r ization behav ior of all three
modes is very similar to that observed in pure (SN)1.3 The larger width of these
bands is consistent with the increased disorder of the (SN)1 fibers observed for the
brominated samples.

Further experiments are in progress to examine the unusual Raman features of
brominated (SN),, and to test the 8r 3 assignment.
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INTRODUCTION

Polymeric sulfur nitride , (SN), , has been intensively investigated in recent
years as the first example of a metallic and superconducting linear polymer.’ The
optical and electronic properties of (SN), correspond to those of an anisotropic
three-dimensional metal.2 Recentl y, halogen derivatives of (SN), have been pre-
pared 3”7 and characterized by optica l , diffraction , and conductivity measure-
ments~

7 for relatively stable compositions corresponding to (SN Br0,4 ),47  and —

(SN Broj 5 ~, .
~~ The optical reflectivity spectrum shows a red-shift of the plasma

edge in the chain direction of — 1.0 eV compared with (SN), , but by contrast with
normal (SN), , the reflectivity perpendicular to the chains was found by Chiang
et al.’ to be nonmetallic , thus suggesting that (SNBr0,), crystals are more aniso-
tropic. The room-temperature conductivity of brominated (SN), was found to be
about an order of magnitude higher than in normal (SN)1.

The density of ~SNBr o,4), , 2.65 g/cm3, is sipnificantly higher than that of
(SN), , 2.3 1 g/cm 3. ~ Electron diffraction data indicate that despite an ap-
proximately 50% volume expansion on bromination , the a- and c-lattice param-
eters remain unchanged and the crystals decrease in perfection. No measurable
change in the b-axis dimension was observed, but diffuse scattering corresponding
to a chain direction spacing of about 2b was reported .4 In contrast to these results
Bernard ci a1.~ have reported powder x-ray diffraction results in which only the
chain axis spacing of (SN), is unaffected by bromination.

Manuscript received July 7, 1977.
~ -.~~ tPresent address: Konstanz University, D-7750 Konstanz, Germany.
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A structural model of (SN Bro,4), has been proposed by Street et al.4 and Gill
ci al.,7 in which bromine resides in the interfibe r regions as Br 2 . In this paper we
present detailed single-crystal Raman and x-ray diffraction data on brominated
(SN), compositions. Using this data , a model is proposed for the structure of
brominated (SN), .

EXP F R IMENTAL

Normal monoclinic (SN), crystals were prepared by the usual procedures.5
When (SN), is reacted wit h 60 torr of bromine at 295 K , crystals of composition
(SNBr 055 ), are obtained , which give blue-black crystals of composition
(SNBr 0,4 ), on pumping for 30 minutes. When (SNBr 0,4 ), crystals are pumped
on at 295 K for 45 hours or more, the bromine content decreases and composi-
tions of —(SNBr033 ), or lower are obtained. Copper-colored crystals of com-
position (SNBr0,~ )1 and (SNBr 0~7), were obtained by anneali ng crystals of
(SNBr0,4 ), at — 359 K with pumping for 30 and IS hours , respectively. The as-
synthesized samples used in this study are analyticall y pu re. All samples were
analyzed for Br, S, and N , and the sum of these fig ures add to 100 ± 0.3%. Within
this experimental uncertainty the molar ratio of S:N is unity.

Mass spectral data show that bromine- but not S- or N -containing species are
given off from (SNSr 0,4 ), at 295 K. The amount of bromine observed mass
spectroscopically when a sample of (SNBr 0,4 ), or (SNBr0.33), is pumped at
295 K is greater than that observed from copper-colored (SN Br0,27), .

The Raman scattering date were obtained with a triple monochromator system
and associated variable temperature and high-pressure sampling equipment
described elsewhere.9 Scans were repeated a number of times from the same spot
in the crystal to check for sample damage by laser heating. Stokes to anti-Stokes
intensity ratios of the Raman lines, however, did not indicate sample heating to
begreater than — l0 K at 30mWpower.

RESULTS AND DISCUSSION

Raman-Scauering Data and Analysis

Three Raman peaks at 154, 230, and 304 cm ’~ are observed in different crys-
• isis of brominated (SN), at 29Y K (FIGURE I). The peak at 305 cm ’~” is extremely

broad at 295 K, whereas the 230 cm”” line is asymmetric. From FIGURE 1 it is
evident that the line at 230 cm ’~’ is more intense in the freshly brominated sample
and drops in intensity relative to the lines at 134 and 305 cm ”” with decreasing
bromine content. The Ram an peaks are exclusively YY-polarized (where Y is the
chain direction ) in all the brominated crystals examined (FlouRs 2). The relative
intensities and peak frequencies of the Raman lines did not vary with excitation
frequencies ranging from 457.9 to 514.3 nm.

With decreasing temperature , the integrated intensities of the 134 and 304
cm”” lines increase appreciably below 2001( (F,ou~ss 3 and 4.), and there is a
substantial narrowing of the 304cm ’ line. The 304 and 34 cm” lines increase in

~~ 
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frequency to values of 316 and 159 cm ”'~, respectively, at IYK , whereas the 230
cm”” line decreases in peak frequency to 2 19 cm ”’1 at l 5’K. The line-width of the
154 cm ’ peak is linear with temperature above — l00’K (FIGURE 4b), in essen-
tial agreement with anharmonic Lattice dynamics ,” whereas the 304 cm ”’1 line
shows substantial nonlinearity in line-width with temperature (FIGURE 4b). Rela-
tively weak peaks at 473, 638, and 788 cm ”’1 are observed in the YY spectrum at

1 j l ~~~~~~~~~~ l 1

Roman Shift, cm 1

Fiouaa I .  Reman spectra between 100 and 400 cm— 1 at 295 K of: (a) freshly brominated
(SN), crystal; (b) same crystal as in (a) but after pumping on for 2 hours in a vacuum of
10’~ tor t at 295K;  (c) blue-black (SNBFOA ), crystal that had been stored in a 1 0 2 _ 10 3
tort vacuum for I so 2 months; and (d) copper-colored (SNBr0j7), crystal .

l3’K. These lines broaden out into the background level above 120 K. A Raman
line corresponding to the relatively strong SN band at 658 cm ’~ in (SN), ’° was
not observed. The infrared spectra between 600 and 1200 cm”” of a (SN)1 film

• on KB r recorded in a vacuum cell with NaCI windows, after increasing levels of
• bromination in situ showed the near disappearance of the strong (SN), infrared

line *1 995 cm ”’1 and appreciable reduction in intensity of the strong (SN), ab-
sorption at 670 cm ”~ Also, high-resolution scans of the 134 km ” Raman peak
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~~0 600 300 200

Roman Shift , cm-1
FIGURE 2. Polarized Raman spectra of (SNBr0,4), crystal at I 5’K. Scattering angle is

about 110’ . Y is the chain direction and X is the incident photon propagation direction.

did not reveal fine structure assignable to isotope splitting. High-pressure measure-
ments indicated negligible shift with pressure of the 154 Cm ”” line, but the 234

- cm ’ line showed an anamolous decrease (0.8 cm”/kbar) in frequency with
pressure.

The data discussed above indica te that the 154 and 230 cm ”~’ lines behave
differently under varying conditions and hence are assignable to two different sites
of bromine in brominated (SN), . By ano logy with the spectra of Br 2 in the gas-
eous,’2 crystalline ’3 and intercalated graphit e ’4 phases , we assign the 230 cm~~
line to electronically perturbed Br2 in (SN), . This Br2 might in part be complexcd
with 8r 3 to form Br 5 .  In accordance with Temkin et a!.15 the 154 cm ” ’ line can
be assigned to the symmetric stretching mode of Br3-. The observation of tem-
perature-dependent lines at 304, 473, 638, and 788 cm ’’ , assignable as harmonies
of the 134 cm ”” peak, indicates that the 134 cm ””t line is resonance-enhanced.

X-RAY DIFFRACTION MEASUREMENTS

X-ray diffraction measurements on brominat ed (SN), , by powder and single-
- 

-
. - crystal techniques , indicate a series of reflections that have positions in reciprocal

- ~~~~~~~
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space similar to those of normal (SN), . Substantially higher structural disorder
is evident for the heavily brominated (SN), compared with the unbrominated
polymer. Correspondingly, only about five independent , relatively sharp reflec-
tions have been observed on hO! Weisenberg photographs. These reflections were
indexed by analogy with the corresponding diffraction pattern for unbrominated
(SN), . These reflections are the 100, 002, l0~, 202, and 204. Gross twinning is
observed whereby the twi ns are related by a 180 rotat ion about a 5. This type of
twinning is present in the parent (SN), ’6 and arises because of the nonuniqueness
of the synthesis of the polymer from the dimer phase.’7~’5 Weak powder-difirac-
tion lines corresponding to NH 4 Br, probably resulting from surface reaction ,
were observed for most of the samples. These lines provided internal calibration
for correcting for camera radius and film-shrinkage errors.

Important interplanar spacings and derived unit cell parameters are compared
in TABLE I together with the corresponding information for unbrominated (SN), .
At low bromine concentration (SNBr 0~~), the observed reflections are consistent

~ 1

Roman Shift , cm~
- 
, 

- 
~~~~~~~ Fioua~ 3. Raman spectra of (SNBr.A), crystal at various temperatures. Note that the

~~ spectra for 146, 98, and l 5 K  were run at factors of 1.4 , 2.0, and 3.3, respectively, lower
instrumental sensitivity

4~:- -~ - - ‘-h’ ~
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FIGURE 4a. Temperature dependence of the integrated intensities of the 134 cm ’s (open

circles) and 304 cm t (closed circles) lines for a (SNBr04), crystal , and of the 54 cm~~line (crosses) for a (SNBr0 27), crysta l . Dotted curve is drawn through the data points
obtained for the (SN Br0 27), crystal.
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TABLE I -

X-RAY DIFFRACTION RESULTS ON (SNBr~),

Diffraction a C d1oo d~~y Technique IAI fAJ degrees (Al IA) LAI
Ot S 4. 15 7.64 109.7 3.910 3.395 3.247
0.049 P 3.8731 3,6371 3.231
0.254 S 3.90 7.81 109.3 3.673 3.680 3.186
0.231 S 3.92 7.74 109.5 3.692 3.649 3.179
0.27* P a”- 3,633 I “— 3.160
0.39 P — 3.633 1 -“‘ 3.155
0.40 S 3.86 7.72 110.3 3.622 3.620 3.167
0.40 G — 3.670 1 —‘ 3.153

S indicates single crystal data , P indicates powder-diffraction data , and G indicates
Gandol fi camera data. -

. -
tDa ta from Reference 18.
* Poorly resolved reflections , spacings inaccurate .
*Obtained by thermally annealing (SNBr0,.~), while pumping at 85 C.
ISecond crystal from same bromination run as for the above data.

;~ ~~~,
‘ I These reflections are unresolved . - 

-
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FIGURE 4b. Temperature dependence of the line-width at half maximum (F) for the

154 cm— t (open circles) and 304 cm-1 (closed circles) lines for a (SNBr04), crystal. The data
for the 154 cm— 1 line of a (SNBr0~7), crystal are shown by crosses. Full line is a
linear fit to the data points for the 154 cm— t line above lOO K.

with a unit cell having essentially identical par~imeters with those of unbromi-
nated (SN), . However , for the heavily brominated samples (SNBr o,~ ), and

• above, significant changes in the unit cell parameters were observed. The most
• important of these changes are: ( I )  a decrease in the interplanar spacing for the

closest packed plane in unbrominatcd (SN),, the l0~ plane; (2) a decrease in the
a-axis length; and (3) an increase in the c-axis length. Note that the changes in
axial lengths upon heavy bromination result in near equality of a and c/ 2. These
dimensions correspond to the interchain separations in the respective axial direc-
tions.

Although these trends are clear, there is appreciable scatter in the results ob-
tained from different samples within the same bromination batch (see TABLE I).
This might be due in part to differences in the extent of bromination of individual

-
• crystals within a batch. Note that d ,~ is more accurately determined than are

— d~~ and d~~, since the former can be calculated from the high angle spacing for
d~~.

In agreement with previous results ,3’~’7 the chain-axis length seems to be in-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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sensitive to bromina t ion , The measured value of b for (SN Br o~~), is 4.43 1 A , which
is not significantly different from the b-axis length in unbrominated polymeric
sulfu r nitride (4.439 A ),18 Diffuse scattering reminescent of superlattice periodici-
ties has been observed both normal to the b-axis direction and on hO! Weisenberg
photographs. In the latter , diffuse , high d-spacing reflections appea r to lie on the
h , 0, 0 and h , 0, 21i reciprocal cell axes . These diffuse reflections vary dramatically
in intensity for different crystals within the same bromination batch. Because of
the highly variable nature of this diffu se scattering and the broad line-widths ,
which preclude accurate measurement of spacings, further work must be done in
order to characterize the origin of this scattering.

Discussion of the Structure of Brominated (SN),

Principall y on the basis of electron-diffraction photographs , Street ci a!.4
and Gill ci a!.7 reported that no significant changes in the unit -cell parameters
of (SN), occur upon bromination. They did report the observation of diffuse
lines perpendicular to the chain-axis direction, with a spacing twice the chain-axis
repeat length of (SN), . On the basis of this information , these authors pro-
posed a structural model in which the bromine does not enter the (SN), lattice
but instead resides in interfibrillar regions. Gill ci a!. report ,7 using hi gh-resolu-
tion electron microscopy, a fiber diameter of 20—30 A for (SNBr04), , as com-
pared with a fiber diameter of 50—70 A for unbrominated (SN),. These authors
believe that the diffuse layer line with spacing 2b is most likely due to a corn -
mens urate bromine lattice ordered only along the chain-axis direction , rather
than corresponding to a doubling of the (SN), cell.

By constrast with these models, we have found that bromine enters the (SN),
lattice so as to form a true lattice insertion compound. Bromine is most likel y
present to some degree in both interfib rillar and crystalline regions as Br2 , Br3 ,
and possibly higher polyanions , with a relative concentration dependent upon tem-
perature and pressure. However , a more simplistic model i, consistent with
presently available data . According to this model Br2 molecules enter the (SN)~
lattice as an array in the chain-axis direction so that a Br2 molecule occupies the
crystal site of a S—N—S—N chain linkage. The bromine molecules are parallel
within the array and lie within the l0~ plane, which is the closest packed plane
in unbrominated (SN), .

In order to show that this model is consistent with the similar diffraction pat-
ternsofbrominated and unbrominated (SN), , it is necessary to demonstrate that
a linear array of Br2 molecules can take the position of an (SN), chain without
causing major disruption of the (SN), packing. Regarding this , it is important
to mention two points. First , the packing volume of Br 2 , calculated by extra-
polating the unit-cell volume of solid bromine to 25’C, is 68.1 A.” An essentially
identical volume (66.3 A3 ) is calculated for the —S—N—S—N— chain linkage
in polymeric sulfur nitride , using the measured unit cell parameters .” Second, the
separations of close-packed Br 2 molecules arranged as in solid Br 2 is 4.55 A,20

which is close to the chain-axis repea t dimension of polymeric sulfur nitride
(4.439 A).” This information suggests that a linear array of Br 2 molecules can

-~~~~~~~~~ 
-~~~~~~ -.- -
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-I

FIGURE 5. The l0~ plane of (SN), before (top) and after (bottom ) the lattice insertion
of a chain-a xis array of Br2 molecules. In order of decreasing sizes, the bal ls represent the
van dc, Waals dimensions of bromine , sulfur, and nitrogen, respectively.

replace an (SN), chain in the crystal without profoundly affecting the crysta l
- 

packing of neighboring (SN), chains.
I A model that depicts the predicted packing arrangement of an array of Br 2

- - molecules in an (SN), lattice is shown in FIou~a 5. The closest packed plane in
-
~ 

- (SN), is represented. Note that the atoms sit at positions close to those formerly
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occupied by chain sulfu r atoms, so that the Br—Br bond is approximatel y parallel
to the vector between nearest neighbor sulfur atoms in the (SN), chain . Note also
that for a defect-free crystal , successive (SN), chains altern ate in di rection , de-
noted either “up” or “down ,” correspondi ng to the direction of the su lfu r-to-
nit rogen bond which is rough ly parallel to the chai n direction. The bro m ine array
in FIGURE 5 was placed in the crystal position of an “up” chain. If the bromine
array had replaced a “down” chain , an equivalent bromine-packing array results.
I n eithe r case there are two equ ivalent ways in which the bromine array can re-
place the (SN), chain , wh ich are related by operatio n of the 2 , symm etry axis of
the replaced chain in the original lattice. Note that if the bromine array separates
two neighboring (SN), chains in a per iodic packing sequence in the 102 plane , the
“up”-”dow n” sequence of these chains is disrupted. From previous work’7 we
k now that the “up”— ”down ” chain sequence in the 102 plane of poly meric sulfur
nitr ide is occasionally interrupted by chains having an opposite direction from that
which is proper for a periodic structure. These misfit chains , which can be ar-
ran ged as stacki ng faul ts, do n ot resu lt in m ajo r disruption of nearest neigh bor
packing.

• 
- 

The extent to which arrays of bromine segregate to form layers and other quasi-
periodic superlattice structures is not at all clear until the origin of the di ff use
scattering is determined. However , since strong superlattice lines are not re-
producibly observed for all heavily brominated crystals, one would think that the
substitution has a highly statistical component.

Vacancies might be present in the Br2 arrays, and some of the bromine appears
to be adsorbed on the surface of fibrils or in the interfibrill ar voids. For this reason
it is is difficult to use the macroscopic cell volume and observed bulk density alone
to make strong conclusions about the validity of the present arguments. Using the
unit cell parameters for (SNBr 04 ), in TABLE I , 10% substitution of—SNSN— by
Br 2 would result in a unit-cell density equal to the bulk density reported by Street
et a!. (2.65 g/cm 3).4 This corresponds to a composition in the crystalline phase of
(SNBr 011), with no bromine vacancies. On the other extreme , if 11.3% of the
lattice sites are vac an t, a unit-cell composition (SN Bro w), would result in a
unit-cell density equal to the reported bulk density. Such a high concentration of

• vacancies in the Br 2 arrays seems unlikely.
Kim ci al.2 ’ have observed tha t the small-angIe x-ray scattering present for

unbrominated (SN), essentially disappears in (SN Br040),. The equatorial orien-
tation of this scattering indicates density fluctuations in unbrominated (SN), nor- - 

-

mal to the chain-axis direction. These fl uctu ations probably correspo n d to density-
deficient , inter fibrillar regions of the polymer. Since this scattering is not observed
for (SNBr 0.m),, these measurements suggest that bromination largely eliminates
these density fluctuations. In the model of Street ci a!.4 and Gill ci a!.7, bromine
enters only the regions between unmodified (SN), fibers. So as to agree with the
reported macroscopic density , this model would require an average density of 3.36
g/cm 3 for the interfibrillar regions.~ This density is reasonably close to the den-
sity of liquid bromine (3.12 g/cm 3 at 20 C).~ However, the corresponding electron
density difference between the bromine containing interfibrillar regions and the
(SN), fibers would be 0.2 electrons/As . Since for this model 38% of the electrons
in the brominated polymer are in the interfibrillar regions with the higher electron 

~~~~~~~~~~~~~~ -~~-
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density , this density difference should result in strong small-angle scattering. This
strong scattering is not observed.

The lattice-insertion model does not seem to have this apparent liability, since
bromine addition to the (SN), lattice can result in a vanishing electron-density
difference between the crystal fibers and the interfibrillar regions. The observed
overall density (2.65 g/cm 3) and a vanishing electron-density difference is calcu-
lated for a crystalline region composition (SNBr0~~),. The remaining 90% bro-
mine in (SNBr040), would then reside in in terfib rillar regions hav ing a density
of 2.87 g/cm 3. Errors in the bulk density and unit-cell volume of (SNBr 0.40),
could substantially affect the calculated distribution of bromine between crystal-
line and inte rfi brillar regions, but will not alter the basic conclusion of the argu-
ments presented here. Neglecting these uncertainties, this calculated composition
is a lower limit estim ate, because the presence of vacancies in the Br 2 arr ays would
require an increased bromine concentration in the lattice . N ote that this model for
the structure of brominated (SN), is consistent with the Raman results presented
in the previous section.

It is surprising that the 102 spacing and the unit-cell volume slightly decrease
as a consequence of bromination , since the occupation volume of Br 2 in solid
bromine (68.1 A3 )” is slightl y higher than the occupation volume of —SNSN—
in normal polymeric sulfur nitride (66.3 A3 )I * and the van der Waals radius of
bromine (1.85 A) is usually taken to be slightly larger than that of sulfur (1.80
A).24 Both these effects could be due either to the presence of Br 2 vacancies or
to appreciable bonding between the Br 2 arrays and the (SN), chains. Specifically,
the short interplanar spacing between the 102 planes suggests the possibility of
strong interaction of a bromine array with (SN), in neighboring 102 planes. This
might occur along with an important weakening of the Br—Br bond. Even though
the samples examined are analyticall y pure, we cannot completely exclude the
possibility that impurity, fiber dimension , or surface effects significantly affect
the unit-cell parameters. 

-

The line-widths observed in powder diffraction scans were used to estimate
the fiber dimensions in brominated (SN), via the Scherrer equation.~ Corrections
were made for minor instrumental broadening assuming Gaussian profiles . The
calculated dimensions normal to the 102 plane are 150, 120, and 110 A for , respec-
tively, (SNBr0~ ,),, (SNBr027), , and (SNBr0~~),. Correction of these results for
broadening of the second kind (paracrystalline distortions), by the method of
Bonart ci a!.25

~” for the 102’ and 2O~ reflections , did not significantly change these
results. The 100 and 002 reflections essentially coincide for the higher bromination
level samples , and peak overlap precluded evaluation for these reflections in
(SNBr0,0,,),. The dimensions calculated from the line-width of these superim-
posed reflections are 100 and 87 A, respectively, for (SNBr 0~7), and (SNBr 0,,,),.
The results at low bromination level are reasonably consistent with those obtained
by Boudeulle” from line-width measurements on unbrominated (SN),. She ob-
tained dimensions of 205 A and 150 A for the lO~ and 100 planes, respectively.
These results suggest that the fiber dimensions in lateral directions decrease on
bromination , as was concluded by Gill ci a!.7 However, the fiber dimensions in-
dicated by the line-width analysis are significantly higher than those reported
by these authors7 on the basis of high-resolution electron microscopy [50—70 A
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for (SN), and 20—30 A for (SN Br04),). It is not clear whether this discrepancy
arises because of sample differences , perhaps originating during the preparation
of samples suitable for electron microscopy, or because of the insensitivity of the

‘ line-width of the investigated reflections to defects such as twin boundaries. From
previous work we know that gross structural defects occur down to the molecular
scale in (SN),.””Temkin ci aI) ~ have recen tly proposed a stru ctur al model that di ff ers from
the model of Street et a!.4 and Gill ci a!.7 in that the bromine enters the interfibril-
lar regions as Br3 rather than Br2. This assignment is made based on the similar
Raman spectra of brominated (SN), and Br3 ions in organic salts. The x-ray
diffraction results discussed above appear to be inconsistent with the original
models of Street et a!.4 and Gill et a!.7, as well as the new model of Temkin ci a!.?’
since none of these models permit the presence of bromine in the (SN), lattice. It
might well be true , however, that the interfibrillar bromine present in (SN), is
Br 3 .  Because of the fairly low concentration calculated fOr the lattice bromine , it
is conceivable that the associated Raman lines are unobserved. More work is re-
quired to clarify this point.
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THE LINE A R CHAI N MERCU RY COMPOU N DS:
Hg 2~~AsF6 AND Hg 291 SbF6. ELECTRI CAL

CONDUCTI V ITY , OPTICA L REFLECTANCE , AND
THERMOELECTRIC STUDIES 5

Ronald J. Gillespie,t Duane Charticr ,t Brent D. Cutforth ,t
W . Ross Datars 4 and André Van Schynde l~

t Department of Chemistry
* Department of Physics
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Hamilton, Ontario. L8S4M!, Canada

INTRoDucTIoN

The compounds Hg2~~AsF6 and Hg2 91SbF6 were discovered at McMaster
• University in 1971 during an investigation of the formation of polymercury cations

Hg,”~~ The reactions Of mercury with SbF 5 and AsF5 in solution in SO2 were
found to lead to the formation of the linear Hg32

~ and Hg42
~ cations in the form

of their soluble hexafluoroarsenate and hexafluoroantimonate salts, together with
an insoluble crystalline material with a golden metallic appearance.2’3 Determina-
tion of the structures of these insoluble products showed that they have the com-
positions Hg2~~AsF6 and Hg291 SbF6.4’5 A better method for making large crystals
of these materials has subsequently been found to be the reaction of metallic mer-
cury with Hg3(A5F6)2 or Hg,(SbF6)2 at —10 to — 20’C in solution in SO2.’ The
reaction is slow but good crystals are usually obtained after approximately one
week.

The two compounds have essentially the same structure (FIGURE ~~~~~~~ The
AsF 6 or SbF 6 octahedra are situated in a tctragonal lattice with a — 7.54 A

• and c — 12.32 A for Hg 2~~AsF 5 and a = 7.67 A and c — 12.61 A for Hg 291 SbF 6.
There are four AsF 6 or SbF 6- ions per unit cell. These anions form a framework
with linear, nonintersecting, mutually perpendicular channels in which infinite
linear mercury chains are situated . A schematic view of the relationship of the
mercury chains in four planes perpendicular to the c axis is shown in FIGURE 2.
The shortest distance between two chains in consecutive planes occurs where the
chains cross and is 3.09 A in Hg2~~AsF6 and 3.15 A in Hg 291 SbF 5. The mercu ry
atoms in the chains have a nominal formal charge of +0.35 and are separated, on
average, by 2.64 A. Since the intrachain mercury-mercury distance is incom-
mensurate with the tetragonal lattice, each mercury atom has a different chemical
environment.

ELECTRICAL CONDUCTIVITY MEASUREMENTS
t Since there is a nonint egral charge on each mercury atom , the conduction band

arising from the overlap of the mercury orbitals is expected to be partially filled.
-~ ~~~~~~ 5Manuicript received August 29, 1977. Correspondence to Ri O.
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H

_
_

FIGURE I . The structure of Hg2~~AsF6 and H g291 SbF6, showing the linear mercury
chains and the octahedral anions .

It was predicted ,4 therefore, that there would be a very high conductivity along
the chains and a lower conductivity in the c-direction perpendicular to the chains.
A considerable conductivity along the c axis might , nevertheless, be expected , as
the interchain distances of 3.09 A in Hg2 85AsF6 and 3.15 A in Hg29 , SbF 6 are com-
parable to the Hg-Hg distance in the metal (3.00 A).

Resistivity wa~ measured by the Montgomery 7 technique with an ac (9.8 Hz)

I ‘ I
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FIGURE 2. Arrangement of the mer- — . ~~~~~ . - ......~~~ . .  ~~~~~. ,. _~.L._ .
cury chains in the structures of I
HS2M AsF5 and Hg2 ,1 SbF~. I
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bridge . Electrical contact with the crystal was made with four platinum spring
contact probes. Because of the extremely hygroscopic nature of the compounds ,
samples were handled and mani pulated in a very good dry box and were mounted

• in a sealed tube . A preliminary report of the measurements has been published.8
The resistivity was independent of probe position on the (001) crystal face of

both compounds, showing that the conductivity is the same along the a and b di-
rections as expected from crystal symmetry. At room tem perature , the conduc-
tivity Oa along the a-axis of Hg2.,1 SbF6 is 8.7 x IO~ ~ 25% ohm~~ cm~~ as deter-
mined from six samples. The corresponding conductivity a~ of Hg2~~AsF6 is of the
order of iO~ ohm~~ cm~ ’. Thus, the conductivity of both compounds is com-
parable to that of anti mony at room temperature. The temperature dependence of
the normalized conductivity of Hg2~~AsF6 along the a direction is shown in
Fiauiu~ 3. The conductivity increases with decreasing temperature, showing that it
behaves li ke a metal at room temperature and below. At temperatures below lO’K ,
the resistivity was so small that it was difficult to measure with the samples that
were used. There seems to be little evidence of residual resistivity as found in most
metals.

• The electrical an isotropy was determined from measurements on a crystal face
that was approximately 26 from the ac plane. Unfortunatel y, the ac plane does
not occur as a natural growth plane. At room temperature, the conductivity ratio
ii

~ /~~ 
deter mined by the Montgomery method is 100 for Hg2 ~ AsF6 and 40 for

Hg2 ,1SbF6. The temperature dependence of the normalized conductivity of

~~~~~ 1 I J I J I I 1 ~~~~~! l i i i
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FIGURE 4. Normalized conductivity of Hg291 SbF6 as a function of temperature (a) along
the c direction , and (b) along the a direction.

Hg29, SbF 6 alo ng the a and c directions is shown in FIGURE 4. The conductivity
along both directions is metallic between room temperature and 4.2’K with a
conductivity ratio 

~~4.2/o XX~ 
of approximately 150. The conductivity is ani sotropic

over the whole temperature range with approximately the same value of i4/a~• .
Residual resistivity in Hg2 ,1SbF5 at 4.20 K is again very small. The temperature
dependence of the conductivity along the a and c directions of Hg2 ~ AsF6 is simi-
lar , and the electrical anisotropy is approximately independent of temperature
down to 4.2’K.

The relatively rapid change in conductivity between I SO’ and 200°K in
FIGURE 4 (a) is attributed to a phase transition.

These measurements show that these compounds are highly anisotropic
metallic conductors. The mercury-mercury distance along the chains is short
enough to cause significantly more intrachain than interchain conductivity. How-
ever, they are not true one-dimensional materials because the interchain Hg-Hg
distance is not large and is indeed only slightly greater than that in the pure metal.
There is also no- metal insulator transition that is believed to be characteristic of a
true one-dimension material. —

ANIS0TROPIc OPTICAL REFLIICTANCE

Crystals of Hg2,1 SbF 6 were placed in an inert atmosphere inside a sealed
quartz tube for the optical measurements. The reflectance was measured at an
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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WAVELENGTH (ii)

FIGURE 5. Reflectance of Hg291 SbF6 as a function of wavelength at room temperature
• with light polarized parallel (1) to the a-axis and perpendicular (~ ) to the a-axis in a

direction 26’ from the c axis.

incident angle of 19’. Some difficulties were encountered during experiments be-
cause of the deterioration of reflecting surfaces even when samples were sealed in
tubes. There was, however, little apparent change of surface quality when the
present results were taken. Experiments were performed on as-grown surfaces but ,
since the plane containing both the a and c directions is not a natura l growth face,
the surface that was used for the anisotropic measurements was approximately
26 from the ac plane and was probably either a (103) or a (105) plane. Positive
identification of this plane was not possible because x rays could not penetrate the
quartz tube. Reflectance intensity as a function of direction of polarization was
used to determine the direction of high reflectance which was parallel to the a axis
on the isotropic crystal face. The spectra were taken with a Spex grating spec-
trometer. A Polaroid HR sheet polarizer was used to extend the polarized spectral
range to about 2 aim. The background was determined from the reflectance spec-
trum of a small aluminum mirror placed inside a section of the quartz tube . The -

absolute reflectance was measured at 6328 A with a He-Ne laser and was found
to be 0.35 ± 25%. A preliminary report of the measurements has been published.’

The reflectance spectra for light polarized parallel and perpendicular to the a
direction are shown in FIGURE 5. With parallel polarization, there are two peaks
in the visible at 5500 and 8000 A and an increase in reflectance in the infrared
which varied somewhat from sample to sample. The reflectance for the perpen-
dicular polarization has a sharp peak at 4900 A and is small in the infrared with a
value of about 4% at 1 ~sm. These results confirm the view that Hg2 ,1SbF6 is a
highly anisotropic metal. It is possible that the peak at 4900 A is a component of
the strong pçak in the parallel spectrum because the perpendicular direction is

• about 26’ from the c axis. The presence of peaks in the visible region for both
- - 

polarizations explains the color changes observed with the eye. The anisotropic
- ~- - - crystal surface was highly reflecting with a red color tinge with parallel polariza-
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Lion and duller with a greenish color when viewed with perpendicular polarized
light. The isotropic ab plane showed no color or intensity change with change of
polarization direction.

A dielectric model based on the standard Drude equation for an electron gas
and two Lorentzian functions for the peaks in the ~ was fitted to the parallel
reflectance spectra.

C = + C
t

where

- 

- 

C 0 = w 2(w 2 
— 1w/ i )

and

= ~ + ~~~ 
~, 2/ [(~, 2 w 2 ) — 1w/ rd.

N

Here ~ 0 denotes the intraband term with the Drude parameters w~, and ~ 
L de-

notes the Lorentz term which could be due to interband transitions. The model
was fitted to the experimental spectrum as shown in FIGURE 6, using the following
values: for the Drude parameters, ho.i, = 2.86 eV, i/ h = 1.75 eV~~; for the Lorent-
van parameters; hw,, = 1.51 eV, i ,/ h — 1.39 cV~~, hw0, = 2.00 eV, hw,2 = 2.19
eV, r2/h — 1.09 e V ’ , hw~ = 1.45 eV, ~~ = 2.

The conductivity at zero frequency was calculated in the standard manner from
the Drude parameters to be 1.3 x IO~ ohm - ‘cm ~. This compares with the value

o r — 1 -

: 
\

FIGURE ~~. Reflectance of Hg2 ,,SbF5 
04 .

u a function of photon ensrgy . The w -

solid curve i s a f i t  ola dielectric model
consisting of a Drude term and two ~ 0.3 . -

Lorentzian functions. 
-
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of 8.7 x IO~ ohm~~ cm 1 reported in the preceding section. It is not clear at the
present time whether the discrepancy between the two values is significant.

The polarized reflectance spectra of Hg2 ,,SbF6 are similar to those of other
quasione-dimensional materials such as TTF-TCNQ, ” (SN)~’2 and the platinum
compounds. ’3 As in (SN)~ it appears that there is interchain coupling which re-
duces the anisotropy and causes conductivity in the c direction.

In summary , we have shown, from polarized reflectivity measurements on
single-crystal Hg291 SbF 6 that light polarized parallel to the mercury chains ex-
hibits a strong metallic-like plasma edge and has a large reflectivity in the infrared .
The reflectance for light polarized perpendicular to this direction is an order of
magnitude weaker. Thus, the anisotrop ic nat ure of the conductiv ity in this ma-
terial has been established.

THERMOELECTRIC POWER

We have studied the thermoelectric power of Hg2 56AsF6 to obtain further in-
formation on the nature of the electrical conduction in this compound. The See-
beck coefficient is a direct measurement of the intrinsic properties of a metal even
when anisotropy and crystal imperfections result in some irreproducibility in
electrica l conductivity measurements. t4 The Seebeck coefficient , which is in-

• dependent of geometry, is a zero-current measurement , so that breaks in a current
path , unless accompanied by large breaks in the heat-flow paths , do not produce
appreciable effects. Furthermore, any decomposition resulting i n the formatio n
of elemental mercury is detected , particularl y at the melting point of mercury , as
an additional component in the Seebeck coefficient. Thus , with this method , it is
possible to make sure that measurements are made on samples that have not de-
composed.

The sample was mounted in the sample holder in side a dry box and was held
firmly in place by two copper rods, one of which was spring-loaded . For the cx-
peri ments, sm all heaters on the copper rcds heated the sample directly and a
larger heater was also provided to heat the whole sample holder. G.E. 703! varnish
was used to provide good thermal contact between the heater wires and the copper
and to electrically isolate copper-constantan thermocouples attached to the copper
rods. The voltage probes were soldered directly on to the copper rods as close as
possible to the thermocouples. Electrical leads were thermally anchored wherever
required to minimize unwanted heat-flow and thermal gradients. A copper can
surrounding the sample holder assembly provided an isothermal environment for
the sample and also isolation from the atmosphere.

The thermopower was measured by using a slowly alternating temperature
gradient. The thermoelectric voltage was measured while current was supplied to
the heater on one of the copper rods in contact with the sample until the tempera-
ture difference across the sample was 1/2°C , and then the current was switched to
the heater on the other copper rod to produce a temperature difference of about
1/2 C in the opposite direction. Finally, the first heater was turned on again until
the temperature gradient disappeared . This produced a hysteresis curve of A V vs.
~ T, in which the hysteresis depends on the rate of heating but the slope is in-
dependent of the heating rate. The temp erature of the sample does not vary by

-.j
0 — ————-——-- — --•——- — —- - —____J _•__..__•.__-._
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more than 1°C , so that , providing the thermopower does not vary rapidly with
temperature, the hysteresis curve has a linear slope and forms a closed loop. The
measurements thus represent an average thermopower over approximately 1°C for
both signs and varying magnitude of the temperature gradient.

The accuracy of the method for small samples and with mechanica l contacts
was evaluated in experiments with lead and nickel pellets of the same size as the
Hg2~~AsF6 crystals.

The absolute thermopower of copper (Sc~) was evaluated from the average
value of ~~~~ by subtracting S,~ determined by Christian el a/i S In the hi gher
temperature region , the data are in excellent agreement with the accepted values of
the diffusion thermopower . ’6 5Cu was subtracted from the thermopower of
Hg2~~AsF6 — Cu to obtain the absolute thermopower of Hg2~~AsF6.

The thermopower along the c axis (Se) was determined from crystal platelets
that could be inserted into the holder with the c-axis along the temperature
gradient. Suitable crystals for the measurement of the thermopower along the a
and b axes (SLb) were not obtained. However , the net thermopower for a pol y-
crystalline sample can be written as (1) 17

S = ~~~~~ + (7
11,bS.,b (1)

Since o ,, << a I,b, the thermopower measured for a polycrystalli ne sample is ap-
proximately ~~~ Four polycrystalline samples were used to determ ine S~~ in this
way.

• The temperature dependence of S,1 is shown in FIGURE 7 for the largest and
smallest samples, their length along the temperature gradient differing by a factor

- 
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FIGuRE 8. The temperature dependence of the thermopower S~ of Hg2 ~ AsF6.

of five . The identical results for both samples demonstrates the validity of the
measuring technique. About 140 ~ 20 K , the thermopower is negative and varies
linearly with temperature with a negative slope. Only the general trend of the
temperature dependence is indicated below 25° K, since in this region the errors are
large. However, it is evident that there is a relatively large positive peak centered
at 13 * 3 K. Although the thermopower of the Hg2.~ AsF6 — Cu coupled was
measured accurately, the error in S,,1 is larger because of the uncertainty in ~~~Measurements on three platelets were made to determine S,. Again , results 

•

fro m all crystals were similar , and those for the largest are displayed in FIGuRE 8.
The thermopower is positive at all temperatures with a minimum at — 7YK. On
cooling from room temperature , S, varies linearly with temperature with a positive
slope which is interrupted by a transition to a smaller thermopower at 190 * 10. K.
There is a relatively large positive peak at 13 * 3 K. similar to that in S,1. On
warming, hysteresis was observed above — 75 K. When the samples were cycled
again, the original cooling curve was not retraced, but instead, the initial warming
curve was followed.

S ,1 of Hg2 16AsF6 appears to vary linearly with temperature above — 120 K
and has a negative slope (FIGURE 7). The thermopower behaves like the diffusion
term for a degenerate electron gas. The diffusion thermopower (Se) of a free-
electron metal obeying Fermi-Dirac statistics for which T~ o T and in which a
single relaxation time exists and is inversely proportional to energy is (2) -

(i k)2 T
SD — ( )
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where E~ is the Fermi energy and Tis the temperature ~‘ A fit of the linear portion
of the thermopower data of FIGURE 7 to Equation 1 yields a Fermi energy at
4.3 ± 0.5 eV , and the negative slope indicates that conduction is by electrons. The
linear temperature dependence is characteristic of a metal and does not depend on
its dimensionality. Thus , it cannot be used to determine the possible one-dimen-
sional nature of the compound.

I t is of in terest to compa re EF determined from the thermopower results with
- - 

that expected for the electron density in the channels containing the mercury
atoms. We assume the AsF6 octahedra to be spherical with a radius of 2 3 A,
and that there are 1.65 conduction electrons per mercury atom with a formal
charge of +0.35 required for charge neutrality. Then the Fermi energy is 4. 1 eV.
Alternatively, a one-dimensional free electron density of states may be used to
estimate E F , althou gh the use of a one-dimensional density of states may over-
simplif y the problem. In this model there are, on avera ge, 2.86 mercury atoms per
unit cell distance of 7.54 A each with a nominal valence of + 1 .65. This electron
density corresponds to a Fermi energy of 3.7 eV. The values of E F for both models
are in reasonable agreement with the measured value of 4.3 eV and are not suf-
ficiently different to enable one to distinguish between the two models.

The temperature dependence of S~, show n i n FIGURE 8, is linear with a positive
slope above 100° K. Therefore , whereas electrons are the dominant carriers along
the a,b axes, holes are the majority carriers in the c direction. This clearly demon-
strates the anisotropic nature of the conductivity. The conduction along the c axis
must cross the regions where the mercury chains cross. Here , the mercury atoms
are separated, on average , by only — 3.1 A compared to much larger distances any-
where else in the c direction. Thus, we can visualize electrica l conduction in the c
direction as occurring at chain crossings with subsequent diffusion along the
chains in the a and b directions to the next set of chain crossings. Thus , the con-
ductivity along c does not have a one-dimensional path.

Between 180° K and 200° K there is evidence of a transition with a — 70% de-
crease in the value of S, on cooling. This is not thought to be due to elemental mer-
cury, since it would then have to occur much closer to 234 K, the melting point of
mercury. This transition i4 also observed in differential thermal analysis experi-
ments 11 and in the c-axis resistivity measurements1 where the change in the re-
sistivity is of similar magnitude to the change in S,. This transition may result
from an ordering of mercury atoms from their somewhat random intrachain
spacings so that , for example. their inlerchain distance is minimized wherever
chains cross. This explanation seems reasonable, since no anomalies are observed
for S,,1 in this temperature range and therefor e the transition must be related in
some way to the intercha in conduction process .

S,,1 becomes positive below 140 ± 20° K with a maximum at 13 * 3°K and then
decreases to zero at still lower temperatures. This peak is typical of phonon drag
thermopower (S,) enhancement. Generally, it has been found that peaks in S, oc-
cur in the temperature range 0.1 0D < T < 0.2 8~ , where 0D is the Dcbye tempera-
ture ; i.e., the Debyc temperature is presumably in the range 65— I 30 K. According
to Ziman ,’9 5, should be proportional to T ’  for T ~ •D~ 

Subtracting the dif-
fusion component from the total thermopower, we obtain S,, which when plotted
against T 1, is indeed linear in the range 100 -25 K , as shown in FIGURE 9. A plot
of S,,1 versus T ’  is also quite linear below 10(1K , since SD contributes very
little at low temperatures .

- ~~ — ~~— 
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FIGURE 9. The tem perature dependence of the phonon drag thermopower S, of
Hg 2 ~ AsF 6.

The positive nature of S, for electron conduction in the a,b di rections can oc-
cur when electron scattering by Umklapp U-processes is more frequent than
scattering by normal N-processes.19 However , at low temperatures U-processes
will “freeze out” if the Fermi surface is not close to the Bri llouin zone boundaries
but can exist down to the lowest temperatures if there is a multiple-connected
surface or if the Fermi surface is close to the Briltouin zone boundary. Mult i ple-
connected surfaces along the a,b directions causing the positive phonon decay
thermopower can be visualized by constructing a two-dimensional reciprocal
lattice using the inter- and intrachain mercury distances of a particular plane for
unit cell parameters. The Bri llouin zones thus constructed do indeed generate con-
nected Fermi surfaces when a free-electro n Fermi sphere is used in a si ngle orthog-
onalized-plane-wave construction.

Below — 75’K, S,, is very similar to S,,1. N-processes can now be the cause of
the positive phonon decay com ponent , since electrical conduction is hole-like.
However, since conduction in the c direction also involves diffusion along the
chains in the a and b directions, we may also be observing U-processes occurring
along the a and b directions.

The present results may help to explain the large temperature dependence of
the electrical conductivity of the linear chain mercury compounds, which is com-
parable to that of many pure metals. The large phonon drag peak indicates that
phonon scattering is important and the low Debyc temperature indicates a sig-
nificant density of low-energy phonons. These properties give a strong tempera-
ture dependence of the phonon resistivity and a large resistence ratio.20 A large
phonon-drag component also acts to reduce the resistivity .

We conclude from the thermoelectropower experiment that there is metallic

- 
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electron-do minated conduction along the a and b directions of Hg2 86AsF6. Holes
ar ti~ majority carriers in the c direction. This amply confirms the anisotrop ic
nature of the compound. The thermopower of Hg2 ssAsF6 is described by S =

SD + S,, where SD is the diffusion component and S, is the phonon drag com-
ponent. The Fermi energy is evaluated to be 4.3 ± 0.5 eV from SD . S, is the
dominant below 100° K and appears to be caused largel y by Umklapp processes.
The Debye temperature is estimated to be between 65° and 130°K. There is a
change in the thermopower between 180° K and 20(1K along the c axis but not
along the a,b axes.
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DISCUSSION

ALAN G. MACDIARMI D : Have you found anything intermediate between the
Hg4 and Hg~?

GILLESPIE: We have not found any evidence for any in termediates, but it is
quite possible that there are other Hg~” species.

JAMES BURLICH (Cornell Univ.. Ithaca, N. V.): Could you comment on the free
mercury y)u observe?

GILLESPIE: My view is that the mercury comes from decomposition, perhaps
catalyzed by traces of water.
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INTRODUCTION

A ~ew class of anisotropic conductors containing metallic chains of mercury
atoms has recently been reported.’ These compounds, with nominal formula
Hg3 AsF6 and Hg3SbF6, consist of metallically bonded polymercury cations in a
tetragonal lattice consisting of an array of (AsF5) or (SbF6) anions.2 The
mercury chains are situated in nonintersecting channels along the a and b axes of
the tetragonal lattice; there are no chains along c. The diffuse scattering sheets ob-
served in *-ray 2 and neutron 3 diffraction studies indicate that there is no phase
coherence between the polymercury chains and that the Hg-Hg distance within a
chain is 2.64 A. Since the lattice constant is a — b 7.54 A, the empirical
structural formula (assuming all anion sites are occupied) is Hg2 ,6AsF6, imply ing
that the mercury atoms in a chain are incommensurate with the unit cell of the
tetragonal lattice.

These polymercury cation compounds Hg2 ~ AsF6 (herea fter }1g3_4 AsF6) and
Hg29, SbF6 have anisotropic electrical conductivities4

~ and anisotropic optical
properties”7 consistent with relatively weak interchain electronic coupling. The
Hg3_ ,A5F6 compound remains metallic4’5’ to low temperatures with no indica-
tion of residual resistance and a linear term in the specific heat,9 which is unusually
large compared to that expected from the electronic density of states.’ Below 4. 1K ,
Hg 3_4 AsF6 becomes an anisotropic superconductor in low magnetic fields5 and
exhibits an anisotropic Meissner effect. ’° In this brief review, we focus on
Hg3_ 4 AsF6, where a wide range of data on the structural and electronic properties
are now available.

This brief review emphasizes the recent studies carried out in a collaborative
effort at the University of Pennsylvania and with colleagues at Argonne National
Laboratory and Brookhaven National Laboratory. The structural studies (see
STRUcTURE) were carried out by A. 3. Schultz ci a!.3 at Argonne and by 3. M.
Hastings ci a!.11 at Brookhaven. N. D. Miro and associates were primarily re-
sponsihle for the synth,sis, crystal growth, and density measurements’2 (see
SYNTHESIS AND CRYSTAL GRowTH). The optical reflectance studies7 were carried

‘Work at the University of Pennsylvania primarily supported by the National Science
Foundation M RL Program under grant DM R 76-00678. Synthesis and chemical studies
were supported by the National Science Foundation under grant CHE-77.02207-A0l.
Manuscript received August 31, 1977 .
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out by D. L. Peebles ci a!. (OPTICAL PROPERTIES). The nmr studies’ are the work
of E. Ehrenfreund and P. R. Newman (NUCLEAR MAGNETIC RESONANCE). The

- studies of the electrical transport 5 (ELECTRICAL PROPERTIES) are the work of C. K.
Chiang et a!. The measurements of the Meissner effect ’° (ANISOTROPIC MEISSNER
EFFECT ) were carried out by R. Spal with important contributions on the ac sus-
ceptibility by C. K. Chiang and A. Denenstein. The reader is referred to the orig i-
nal papers for additional discussion of the results and more detailed experimental
data (see Refs. 3, 5, 7, 8, 10— 12, 12a , and 16).

STRUCTURE23 ’1

The crystallographic structure of the Hg3_~AsF6 compound has been deter-
mined at room temperature by Brown ci a!.2 and confirmed by Schultz ci al.,3

l A s

FIGUSE I . View of the crystal structure of Hg2~~AsF6.

0
using neutron diffraction. This compound has a body-centered tetragonal space

- group 14, /amd (D~~’) with four formula units of Hg3_4 AsF5 per unit cell. It
is convenient to separate the lattice into two parts: the host lattice (AsF5 lattice)
and the mercury chains. The host lattice is formed by a body-centered tetragonal
array of well-separated AsF5 octahedra . The mercury chains lie in nonintersecting
channels in the 11001 and 10101 directions, equivalent by tetragonal symmetry. A
sketch of the crystal structure is shown in FIGURE 1.

In addition to the Bragg reflections, Brown et a!.2 found two sets of equidistant
- .

~ 
-
~ 

sheets in reciprocal space with very strong diffuse intensity. They associated each
direction of diffuse sheet with the corresponding direction of the linear channel in

, -~ :t ~~~~~~~~~

-
- ~ - - -~

. - - ~~~~
- ..~~~~ - 

. - ~~- -
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real space. The diffuse intensity arises from th~ tnercury atoms, and its distribu-
tion in a sheet implies that there is no phase oherence between the neighboring
chains. These diffuse sheets can therefore be viewed as Bragg reflections from a
l-D lattice . The elastic origin of such scattering was demonstrated by the neutron
study of Schultz ci a!.3

Impo r tant information concerning the spread of the order of the Hg atoms
within individual chains can be obtained by measuring the width of the sheet.”
Elastic neutron scattering scans along the (kOOJ direction , for different tempera-
tures ranging from room temperature to 30K , always yield a resolution-limited
width of 0.Ol8a’ (a — 2i /a where a — 7.55 A) for the first sheet. Taking this
value as a lower bound for the l-D order along the chain direction , a coherence
length in excess of 400 A or 150 Hg-Hg spacings is obtained. ” At the scale of the
experimental resolution , there is long-range order of the mercury atoms in the
chain direction at all temperatures.

The existence of the randomly phased incommensurate chains at room tem-
perature implies a new symmetry, translation invariance of the mercury chains
with respect to the three-dimensional lattice. As a result , in addition to the usual
three-dimensional (3-D) lattice phonons, we expect l-D phonons originating from
the diffuse sheets in reciproca l space and associated with the mercury chains .

The phonon dispersion curve at room temperature along the (~, 0, 0) direction
has been measured by inelastic neutron scattering techniques.” The spectrum from
a large sample with basal plane dimensions of 32 mm x 32 mm and 2 mm along
the c-axis is shown in FIGURE 2. The dispersion curve beginning at the Bragg
peak (~ — 2) is the longitudinal acoustic (L.A.) branch associated with the 3-D
lattice. Centered about ~ — 3 — 5 one finds another branch with a very steep
slope, which is the L.A. mode of the Hg chains . The momentum transfer about
the point, ~ — 3 — 6, is designated by X to indicate that the measurements were
made over a limited range of values of c’ as shown in the reciproca l lattice din-
gram included in FIGURE 2. The observed dispersion curve was independent of the
value of c’, as one would expect from a sheet in reciprocal space. The dashed
lines, with the ir.itiai slope of the dispersion curve associated with the 3-D lattice,
have been added to provide a comparison of the lattice and Hg-chain stiffness. The
sound velocities are obtained from the slopes of the curves: 2.2 x l0~ cm/sec
associated with the 3-D phonons and 4.4 x l05 cm/sec associated with the l-D
phonons. 

-

Synthetic metals with anisotropic and/or quasione-dimensional (l-D) elec-
tronic properties have been intensely studied in recent years. Examples include
the well-known organic metals such as TTF-TCNQ and related derivative salts,’3
KCP and related platinum-chain compounds,’ as well as (SN)~’3 and the
(SNBr~)~ deriatives. ’4 However, the polymercury chain compound , Hg3_ 4 AsF6,
is a unique example of elastic one-dimensionality, with the 1 -D phonon spectrum~
resulting directly from the incommensurate chain structure.

Analysis of the crystal growth’2~ ’ leads to the conclusion that mass transport
of the mercury atoms occurs along the chain channels at room temperature. Thus

- 

~~

- the atoms arc mobile, and the presence of interchain interactions can be expected
to lead to phase ordering of the mercury chains at lower temperatures. On cooling,

~-~~i’~ ~~~~~~~~ a progressive phase ordering between mercury chains has been found through
elastic neutron scattering studies Short-range order gradually builds up, with

- _ -~_~- -~ . .

-
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FIGURE 2. Room-temperature phonon-dispersion cur ve. The inset at the top is a diagram

of the a’c’ plane, showing the location of the (3.1) sheet. The dispersion curve associated
with the Hg chains centered about j  — 2.82 was measured for various values of x, i.e.,
(E, O, x).

t ran sverse coherence lengths of a few lattice constants, as a result of parallel
chain-chain interactions. At l20 K, the competing orthogonal chain-chain inter-
action leads to three-dimensional order and a phase-ordering phase transition.

SYNThESIS AND CRYSTAL ORowTH ’-3 ’2,-’

Cutforth ,’ Cutforth ci a! ,“ and Brown ci a! 2 have described the synthesis of
,- Hg3_~AsF, by the reaction of mercury with a solution of AsF, in liquid SO2. The
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TABLE I
ANALYTICAL DATA FOR MERCURY CHAIN COMPOUNDS5

%Hg %As %F Total
CaIc. for Hg3 AsF6 76.11 9.47 14.42 100.00
CaIc. for Hg2~~AsF6 75.23 9.82 14.95 100.00
Foundt 76.00 9.62 14.54 (00.16

75.96 9.67 14.25 99.88
76.17 9.62 14.34 100.13

Founds 75.83 9.52 14.61 99.96
Found (Ày . of 4 analyses) 75.99 9.61 14.44 100.04

(0.09)* (0.05) (0. 15)
AII analyses were carried out by Galbraith Analyti cal Laboratories , Knoxville , Tenn.

3792 1.
tlh is study.
tCutforth ci a!. (Rels. I , Ia) .
§Standard deviations are given in parenthesis.

• overall reaction is represented by the equation

3AsF5 + 6Hg —, 2Hg3AsF6 + AsF3.
We find that if the reaction is carried out by a method that limits the access of

AsF5 to the mercury surface in , for example, an apparatus in which the mercury
surface is confined in a 2-mm i.d. capillary tubing, large well-faceted, silvery-
golden crystals (up to 35 mm x 35 mm x 2 mm) of Hg3 AsF6 can be obtained
readily during three to five days at room temperature .’4 A detailed description of
the experimental procedures is published elsewhere.’~Elemental analyses of the crystals (TABLE I) imply the stoichiometric chemical
composition Hg,AsF6. As described above, however, the incommensurate chain
structure indicates that per channel and unit cell , there is a mean occupation of
(3 — 6) mercury atoms, giving the empirical formula Hg,_~AsF6. At room tern-
perature, precision measuremcnts~ of the Hg-Hg distance, au5, lead to a value
of S — 0.18, using the relation (3 — 5) — 0/OH, where a is the unit cell lattice
parameter. The resolution 3”2 ’~ of the structural and analytical results appct~rs to
be in the existence of a defect structure with approximately one AsF6 in twenty
missing from the structure . The resulting chemical formula expressed per average
unit cell would be Hg2 ,2MF6094

. Density measurements’2”~’ have confirmed this
picture. The measured density is found to be. p~~ — 7.05 * .01 g/cm’ in close
agreement with the calculated value p~~ — 7.04 g/cm’ based on the known struc-
ture and the above formula. An alternative suggestion of 6% excess Hg disordered

• in the lattice would lead to a density of 7.49 gm/cm’. Thus, the mercury chain salt
is evidently a stoichiometric compound in an incommensurate structure .

OPTICAL PR OPERT IES 7

Polarized reflectance studies from single crystal faces of anisotropic Hg3... ,AsF5
• were carried out. The results indicate metallic behavior for electronic excitations

along the chains in the *4 plane) with free electron Drude theory giving a
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satisfactory initial description of the data. The plasma frequency is found to be
Mw, — 4.8 eV and , combined with the electron density, yields a free electron opti-
cal conductivity in the a—b plane at room temperature is — (4e ) - ‘W,2T ~~
104(U-cm) - ‘ in good agreement with the measured dc value. The results of studies
of reflectance from crystal faces at an angle with the a—b plane have been
analyzed in terms of normal incidence reflectance from an anisotropic medium in
which c55(w) is the Drude dielectric function characteristic of simple metallic
behavior and c~ is constant (c~ refers to light polarized in the a—b plane de-
fined by directions of the two sets of Hg chains; ~ , refers to light polarized along
c and perpendicular to both sets of chains).

— C,, — ~‘ (la)
• w2 + iw/ r

‘ c~(w) — (ib)

where e ,, is the core dielectric constant , ~,,
2 — 4wN e2/m is the square of the

plasma frequency with N the number of free electrons per unit volume, m5 the
effective mass, and r the electron scattering time.

The results are summarized in FIGURES 3a and 3b. FIGURE 3a shows a fit
(dashed curve) to the a—b plane reflectance (solid curve) using the Drude di-
electric function (1*) in the Fresnel Equation for normal incidence reflectance.

i d  + 1 — 12 ( ic I  + c i ) J h / 2 
(2)

i c i  + 1 + [2 ( ic i  +

where c — c~ + Ic 2 . To obtain the dashed curve a least square fit was carried
out arbitrarily restricting the input to the range 1.3 eV—4.2 eV . The free parameters

I •0 I

0.8 -

0.6 - .

R

0.4 -

0.2 -

0•: 0 1.0 2.0 3.0 4.0
11W

., 7 Fiouse 3a. Drude fit (dashed line) to the a—b face reflectance (solid line). The experi-
- 
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mental curve represents the raw data with a uniform 1% subtracted.
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Fi~ u~ e 3b. Normal incidence reflectance of the anisotropic (aces. The solid curves are
calculated by the parameters in TABLE I . There are no additional parameters.

were (i)p, c , ,  and r , since the absolute reflectance was determined by a wide-
angle photovoltaic detector. Trial fits with a 1% change in reflectance gave only
small changes in parameters. The results are summarized in TABLE 2.

The values for w~ and r can be used to obtain a measure of the optical con-
ductivity throug h the standard relation

1 2
— ~~~~ r. - (3)

Using -Mw — 4.8 eV and #/r = 0.27 eV (r — 2.3 x j O~~ sec.) leads to —

1.2 x lO1((Z-cm) ~, to be compared with the room temperature dc and contactless
ac (100 kHz) values of IO~ (O-cm)~ ’. The excellent agreement provides some -

justification of the simple Drude approach.
The anisotropic reflectance data are summarized in FIGURE 3b. Analysis of the . . 

-

resul ts requires a treatment of normal incidence reflectance from a plane that is

TABLE 2
DRIJDE PARAMETERS (300 K)

— 4.82 *0.6 eV
K/i — 0.27 ± 0.Ol eV

d ,, — 2 . 70 *.55
-

- 

,.:;.~::, ~~~— — 2.93 ± .03
- 

- -~~,~~ 1A 
~ 

1/2
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not coincident with the principal optical axes of the solid. For a uniaxial (tetrag-
onal) crystal , the dielectric tensor is defined

0
c06 0 ) (4)

0

where c~ — c~. — w,2/ (w 2 + lw/ti corresponds to the dielectric function along
the chains , and c~, — c ,,~ corresponds to the assumed constant perpendicular
value. The anisotropic reflectance can be calculated directly from the dielectric
tensor i n terms of ~~ and c~. The theoretical results for 6t(iP , w) are shown i n
FIGURE 3b, using the parameters from TABLE 2 for w~, c ,,, and r. FIGURE 3b
presents a direct comparison of the theoretica l curves to the data with no addi-
tional parameters. The overall good qualitative and quantitative agreement pro-
vides additional confirmation of the validity of the simple one-dimensional Drude
treatment of this anisotropic metal.

NUCLEAR MAGNETIC RESONANCE ’

Nuclear magnetic resonance (nmr) is a measure of the local susceptibilities at
the sites of the nuclei and may be used as a probe of the respective amplitudes
of the conduction-electron wave function at the the various sites. The Knight shift
and th e spin-lattice relaxation are related to the Fermi surface parameters of the
metal and can yield information about the static and dynamic properties of the
conduction electrons. The experimental results of the ‘9 F and ‘~~Hg nuclear spin- tlattice relaxation rates and the ‘~~Hg Knight shift are therefore of fundamental •

• importance in the description of the electronic structure of this novel synthetic
metal. -

We show in FIGURE 4 the ~~Hg Kni ght shift measured at 7.0 MHz as a func-
tion of temperature. Within the experimental accuracy the ‘~~HZ Knight shift
has no temperature dependence in the range l.5-300°K. Measurements of
K( ‘~~Hg) at 4.4 and 10 MHz showed similar temperature independence, and their
values at 4.2 K are also shown in FIGURE 4. Thus the ‘~~Hg shift is + 1.9% in-
dependent of magnetic field and temperature .

The nuclear spin-lattice relaxation rate I / T, is proportional to the tempera- 
—

ture both for the ‘99 Hg line and for the ‘9 F line. However , [ T , ( ‘9 F)T] — 340 sec K,
whereas (T 1 ( ‘~~Hg)T J — 7.5 x IO~ sec K; a ratio of approximately 5 x I 0~.

The overall features are characteristic of metals. Furthermore , since K and
(T , T)  measure the local fields at the nucleus , comparison of the ‘~~Hg and ‘9 F
relaxation rates would give direct information about the spatial distribution of the
conduction-electron wave functions. In the metallic system Hg3...,AsF6, the ratio
between the relaxation rates can be written as

(T ,( ’9 F) J ’ 
— I ~( ‘9 F’)<~ ,

2(0)> ]2 5)
[ T ,(~~ Hg) J ’ [~y( ’~~Hg) <~~H,2(0)>J 

‘

where <#,2(0)> (I — F or Hg) is the mean square (at the nucleus I )  of the con-

— 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FIGURE 4. The ‘99Hg Knight shift vs. temperature at an external field of 9.5 kOe (o).

At 4.2’K , data for 5.6 kOc (~) and 12.9 kOe (o) are shown for comparison. A representa-
t ive error bar is shown for the 2.l’K data point.

duction-electron wave function at the Fermi energy. Comparing the two rates
at 4.2’K , we obtain <~ ,,2(0)> /<~~ ,2(0)> to-i , indicating that the con-
duction electrons reside primarily on the mercury chains. Thus one may expect
the metallic properties to be dominated by electronic band struct ure originating
from the mercury electrons.

The Knight shift in metals may be written as -

K • t~H/H~ — ,t,-’H~j ,x, (6)
• where x is the susceptibility per atom and H,,~, is the hyperfine field , which for $

electrons is given by H,1, — (8r/3)is, < ~
2(o)> and ~,2(0) is normalized in an

atomic volume. The temperature independence of K( ‘~~Hg) thus shows that the
susceptibility is temperature independent in the range l.5—300’K and in external
magnetic fields ranging from 5.6 to 13 kOe in agreement with direct measurements
of the susceptibilLty, using a Faraday balance.9 The hyperfinc field for the 6s d cc-
trons for the free mercury atom is estimated as Ha,,rP — 25.8 x 10’ Oe. In the
solid, the 6s wave functions have a greater spatial extent than in the atom, and
thus a somewhat smaller hyperfine field (say, 20 x 106 Oe) is expected. Assuming
that all of K( “9Hg) arises from the mercury 6s electrons, we obtain for the mag-
netic susceptibility of the conduction electrons: ~ — 1.5 x l0~ cm3 per mole of
Hg2,6 AsF, units . Assuming no. enhancement of the Pauli susceptibility x —
2~t,2N(0), we obtain for the density of states at the Fermi energy, N(0) ~8 x 10-2 per eV per Hg atom for single-spin direction.

The nuclear relaxation rate in metals is related to the Knight shift via the
-

- - .
.

- 
- Korringa relation

(4wkIY ’*(’y, / IN ) 2/ K 2 T1 T — (7)
• • 

- where ~ — 1 for a free-electron metal. When the electron-electron interaction is 
•

included, ~ — K(a) > 1, and the relaxation rate is “enhanced.” Here, a is the
- 

-•
.
~ 

- 
Stoner enhancement factor of the Pauli susceptibility. When electrons other than s
electrons contribute to K and T, via corc polarization, for instance, ~ < I ,

- —~~~
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the relaxation is “reduced.” For Hg3 ,AsF6, we find that ~ > I and that it de-
pends on the external magnetic field increasing from E — 2.0 at 5.6 kOc to ~ — 3.0
at 12.9 kOc. Thus, the relaxation rate is enhanced (over that expected from the
simple Korringa relation), and it is field dependent.

For anisotropic quasione-dimensional metals, enhancement of 2—3 as observed
here may perhaps arise from the Coulomb enhancement factor K(a ) even f or
a << 1. For instance, when two pieces of the Fermi surface are nested [as is the
case in a onc-dimensional(l-D) metalj , K(a) may assume a large value at k9 T <<
E~, even for a << 1. However, since no magnetic transition is observed in this
substance down to 1.2 K, it is likely that K(a) I and that the field dependence

• of the enhancement is not the result of a Coulomb-enhanced relaxation rate.
A field dependence of the (enhanced) nuclea r relaxation rate has been ob-

served in 1-D metallic systems like tetrathiafulvalene-tetra cyanoquinodimethane
(TTF-TCNQ), quinolinium (TCNQ)2, and so on. However, in contrast to the
present case of Hg3.. ,AsF6, T1 ’ in those systems increases as the magnetic field
is decreased because of the w /2 dependence of the l-D diffusive spin-correlation
functions at long wavelength. Thus it appears that the field dependence of
~T1( ~~Hg) J ~~ is special for Hg3.,A5F6 and that related field-dependent quantities
such as the conductivity may be play ing a role.

Above — I00° K , the fluorine relaxation rate [ T 1 ( 19 F ) I _ I  deviates from the
Korringa law (T 1~ ~ 1) and increases much more rapidly as the temperature is
increased (FIGURE 5), reaching a maximum at — 220° K and then decreasing as the
temperature is further increased. This behavior can be understood in terms of
mechanical rotation of the AsF6 octahedra. Assuming that this rotation is de-
scribed by a single (temperature-dependent) correlation time r~, the dipolar cou-
pling between the ‘9F spins leads to the following expression for T1( ’9 F)

- 
100 -

~ I I I
~~~~~~

Hg2~~ AsF~ .

10 -  

:~~~

‘

~
s _ _ I

FIGuRE 5. (T 1( ’9F)j — ’ vs. tern-
perature on a log-log scale for t -

Hg2 ,AsF, at 10 MHz. The 1 - .P -

broken line represents a Korringa -

laW T,- ’ T. 
_
,.

Icc2 - •p’

I I I I
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[ T 1( ’9 F) ] ~~ = ~ [y ( ’9 F)]4*2 
________ + 

41c 1 (8)
5 bp~ 11 + w2 r~

2 I + 4w2r~
2 

J

where b~ is the shortest distance between two neighboring ‘9F nuclei. At w —

2w x I o~ sec~~, the maximum of [T 1 ( I9 F)] - occurs at T ~ 220 K, which cor-
responds to r~(220°K) ~ 0.6w~ = 9.5 x iO~~ sec. Below 220° K , the exponentially
decreasing [T 1 ( 19 F)] - I suggests thai ~ may be described by a single activation
energy: r~ — r0 exp (~ U/ k ,T )  with ‘3~ U/ k 9 ~ 1900°K. The value of [T 1( ’9 F)J~ ’
at the maximum (— 80 sec I ) yields a value 2.30 A f or bf which , when compared
to the minimal F-F distance (2.35 A), gives quantiative support for the above
analysis. This relaxation process is thus ineffective at low temperatures, and
therefore the relatively weak Korringa process is observable.

The nmr results thus indicate that the conduction electrons are mainly con-
fined to the mercury chains , and their wave functions do not spread much out-
side these chai ns onto the AsF6 anions. A two-dimensional network of inter-
penetrating weakly interacting linear chains of conduction electrons is implied . A
simplified band structure for this network has been modeled ’ with the conclusion
that even for relatively strong interchain parameters the Fermi surface remains
essentially “one-dimensional” ; i.e., large pieces of the surface are flat and per-
pendicular to the k~ and k~ axes .

ELECTRICAL PROPERTIES ’

The electrical resistivity in the a—b plane is isotropic in agreement with the
structural observations of two sets of perpendicular chains in the a—b plane and
overall tetragonal symmetry. Room-temperature values for pa,, were reproducible
on several samples with an average value of ~~ — 1 x iO~~ 11-cm in good agree- —

ment with earlier results.4 The dc value is in excellent agreement with that ob-.
tam ed using a contactiess rf self-inductance technique (100 kHz) . Along the c I -

direction the average room temperature resistivity is 7 x l 0— ~ (fl-cm), indicating
an anisotropy P c/P ab — 102 . The temperature dependence of p~ follows that of
pa,, (FIGURE 6), suggesting that , as is ofte n the case in the anisotropic layered
dichalcogenides, the perpendicular resistivity may be determined by structural
defects with the intrinsic anisotropy greater than the measured value. - -

The temperature dependence of the resistivity has been measured from room
temperature to 1 .4 K. As the temperature is decreased, the resistivity decreases
monotonically, as shown in FIGURE 6. Because of the very small resistivity at low
temperatures, dc currents as large as 400 ma were required ; any effect on the
sample temperature was negligible, and the contacts remained ohmic. The solid
lines drawn through the data on FIGURE 6 represent a 3/2-power law dependence;
experimentally, pa,, ~ A T~ with n ~ 1.5 over the entire temperature range . The
results below 4.2° K, as shown in the inset to FIGURE 6, indicate that pa,, continues
to decrease with no apparent sign of residual resistivity. The solid curve in the
inset again represents the same T 3/2-power law dependence. At the lowest tern-
perature, p~ (l.4 ’K) ~ 2 x l0 ’ (fl-cm); the resistivity ratio is in excess of

— 
3000 and still increasing.
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FIGURE 7. Anisotropic behavior of the mercury chain compounds , detected by ac mutual
inductance measurements (523 Hz) at low temperatures. The curves shown are r/2-out-of-
phase (AL)  with the ac driving field. The c-axis transition is evident in the curves from
configuration II in zero magnetic field and in 45 gauss.

At low temperature, the c-axis resistivity drops abruptly over a temperature
interval less than 0.2° K; actual dc measurements (two contacts on the top face
and two contacts on the bottom) have demonstrated a decrease in P~ by at least
three orders of magnitude to a value below our present measurement capability.
To verify this unusual transition with apparent superconductivity along c while
pa,, remains normal and continuous, contactless ac mutual inductance measure-
ments were carried out. Samples were placed in the secondary coil oriented in the
two configurations indicated in FIGURE 7. In configuration I , the ac magnetic
field is perpendicular to the a—b plane, thereby inducing eddy currents in the a—b
plane. The signal observed (either in-phase or w/2-out-of-phase with the driving —

field) is consistent with nearly complete eddy current flux exclusion resulting
from the high a—b plane conductivity. The signal is continuous as a function of
temperature with temperature dependence consistent with that observed in the dc

• measurements. In configurationil, the ac magnetic field is in the a—b plane, thus
driving current along the c-direction. Above the transition , because of the rela-
tively large value ~~~~ the signal is near zero. At the transition P~ drops abruptly,
and the signal rises consistent with complete eddy current flux exclusion.

The effect of a small magnetic field on the sample is alwo shown in FIGURE 7.
The resistance is suppressed to lower temperatures, indicating the existence of a
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critical magnetic field. The critical field transition has been observed directl y by
vary ing the magnetic field at fixed temperature with the dc techniques. The mea-
sured critical field at 1.4° K is 3800.

The normal state resistivities exhibit a large and unusual magnetoresistance,
as shown in FIGURES Sa and 8b. Typical curves of the change in resistance as a
function of magnetic-field strength are shown in the inset to FIGURE 8a for the two j
different configurations shown schematically. Configuration A is primarily sensi-
tive to na,,, conf iguration B is primarily sensitive to Pc ; however , we plot in
FIGURES 8a and Sb the actual measured resistances, and not analyzed resistivities.
The temperature dependence of ~R/ R (0)  — [R( lO kG) — R(0)]/R(0) as plotted
in FIGURE 8a shows that a large and strongly increasing magnetoresistance effect
is observed below 30° K. The strong temperature dependence shown in FIGURE 8a
arises completely from the temperature dependence of p a,, and Pc, since the
measured values of i~?tR — (R( lO kG) — R(0)1 are temperature independent,
whereas the magnitude , for example, of pa,, decreases by more than an order of
magnitude on cooling from 26°K to 4.2° K.

The angular dependence of the magnetoresistance at I kG is shown in
FIGURE Sb, using the two different probe configurations of FIGURE 8a with cor-
respondingly different current flow patterns. The two curves have similar mag-
nitude and identical symmetry with ~R/ R maximum for H II c. The magneto-
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resistance appears to be independent of the orientation of the field with respect
to the direction of primary current flow , impl ying that the effect does not result
directly from the Lorentz force. This is consistent with the nonquadratic de-
pendence shown in the inset to FIGURE 6a.

As described above , the optical reflectance data have been anal yzed to obtai n
the plasma frequency, -~w,, — 4.8 eV , and the mean free scattering time , r 2.3 x
l0~~’, implying a room temperature optical conductivity, ~~~~~~ ~~~~~~~~ —

1.2 x 10~ (fl-cm)~~, in excellent agreement with the directl y measured room-

200 I I I I 1
150 - -
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_ _ _

100 - -

50
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0 60 120 180 240 300 360

ANGLE (DEGREE)

FIGURE Sb . Angula r dependence of magnetic field effect on the resistance of the mercury
chain compounds at 4.2°K. The angle is defined in the diagram .

temperature values. Using this value of r(300°K) and the measured resistance
ratio (at 4 .2°K) of 500 with w~

2 constant leads to an estimate of w~r( 4.2 K)  ~l0 2 where w~ is the cyclotron freq uency at I kG. The value of i~ inferred from the
magnitude of the c-axis conductivity would lead to wj nearly two orders of
magnitude smaller. We conclude that these large magnetic field effects are ob-
served in the regime w~r << 1 where conventional magnetoresistance would be
small.

1: - The apparent absence of residual resistivity, the unusual temperature depen-
: dence, and the large magnetoresistance, may be intimately related . The approach

. 
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towa rd saturation of R vs H as shown in FIGURE 8a, coupled with the observation
that ~ R ( T )  = I R( l 0  kG) — R(0)] is independent of temperature, can be inter-
preted as arising from a residual resistance that is field dependent going to smaller
values, perhaps even to zero, as H —

~~ 0. It is interesting to speculate on the possi-
bi li ty that one-dimensional fluctuation phenomena associated with the incom-
mensuratc Hg chains might be playing a role. The observation of a Meissner
effect ’° (See ANISOTROPIC MEISSNEIt EFFECT) in the presence of finite a—b plane
resistivity provides additional evidence of an extended fluctuation regime.

In approaching the question of the c-axis superconductivity, the possibility
of metallic Hg filaments must be considered , particularly since the observed transi-
tion is close to that of free Hg (4.15’ K). Superconductivity along c with ~~ normal
and continuous would require thin filaments running strai ght along the c-axis (any
change in pa,, at the transition is no greater than a few per cent). Submicron-
diameter filaments would lead to a broadened transition and large (nonbulk)
values for H~. In the low-frequency ac experiments , the eddy currents sample an
effective volume equal to about 80% of the total volume at the peak in ~ R, so that
surface effects and small-volume filaments should not dominate . In an attempt to
detect filaments , we set the external field within 30 G of H~ and app lied a current
of 0.5 A through a crysta l (area of 0.2 cm 2 ) without driving the sample normal.

It is known that Hg3~~AsF6 reacts with air liberating free Hg. Accordingly, we
have attempted to detect free Hg in the samples. In our initial experiments, three
samples were studied: Sample 1 was sealed in a glass container for ac measure-
ments without prior handling, Sample 3 was visibly surface-tarnished because of
handling over a period of weeks in the course of performing dc measurements, and
Sample 2 was intermediate. Careful examination with the ac technique, using con-
figuration ( (see FIGURE 7) and high amplification , showed a small step at 4.! 5°K
(width less than .01° K) for samples 2 and 3 consistent with a Meissner effect from
5 x iO~ of the sample volume and 2 x IO~ of the sample volume, respectively.
Sample I showed no effect , setting an upper limit of lO~ volume fraction of
mercury (the current limit of our detectability). However , detailed temperature
scans of the c-axis phase transition in these samples showed that all features were
unchanged and separated in temperature from the weak free Hg Meissner effect
(when observed). We have observed the c-axis transition in many samples from
different single-crystal growths, in some cases using freshly prepared beautiful
silvery-golden crystals, in others, crystals more than a year old with tarnished
surfaces, and in powdered samples. In every case, the transition was observed.
Our preliminary conclusion , based on the above facts and related data is that
the observed c-axis superconductivity is consistent in all respects with a bulk effect.
The most convincin g and direct evidence, however, comes from studies of the
Meissner effect .

ANISOTROPIC MEN SNER EFFECT ’°
• • Magnetization measurements on single crystals and powders of Hg3_ 1AsF6

show flux expulsion when samples are cooled in a small magnetic field , indicating
superconductivity below 4 1’ K The observation of anisotropic flux expulsion with

• magnitude dependent upon the orientation of the external field with respect to the
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FIGURE 9. Temperature dependence of (—4wM / H) at H — 0.015 0 for single crystals
and a powder sampk . The dashed curve represents the ac susceptibility (v — 500 Hz) data for
the powder sampk .

crystalline axes confirms the anisotropic superconductivity discovered in con-
ductivity measurements.

The Meissner effect was observed on single-crystal samples and on powders.
In each case, the sample was cooled in a constant external field , and the induced
magnetic moment was measured with a SQUID magnetometer. The magnetiza-
tion results differ from the usual Meissner effect in three respects. First, the flux
expulsion is anisotropic; i.e., the magnitude depends strongly on the orientation
of the applied field with respect to the crystalline axes. Second, the temperature
dependence of the flux expulsion is not a step function , but rather a continuously
increasing function for T < T~. Third , (—4wM/ H)  is field dependent even at fields
less than l0-~ of the thermodynamic bulk critical field.

The data for (~ 4wM/ H )  are shown in FIGURE 9 for an applied magnetic field
of H0 — 0.015 gauss. When the external field is applied in the crystallographic
a-b plane, a large temperature-dependent diamagnetism is observed, indicative

-
• 

of 20% flux expulsion at l.6 K in 0.015 gauss. Even at T/T~ < 0.5, the magnitude
- - 

is increasing toward larger values. For H ~ c, the onset of flux expulsion occurs at
precisely the same temperature However, as shown in FIGuRE 9, the measured
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magnetic moment is more than an order of magnitude (approximately a factor of
• 15) smaller with H O c  than with H H a.

A smaller anisotropy is observed in the a—b plane. Measurements with H —

0.0150 applied along a (110) direction , H I(a + b), gave results approximatel y
25% larger than for H II a. Demagnetization corrections estimated from the
sample shapes and measured magnetization are less than about 5%.

In addition to single crystal studies, we have carried out measurements on fine- -
and coarse-powdered samples. We find that in all cases the data from powdered
samples are consistent with a simple powder average, M(powder) ~ I /3M(H H C) +
2/3M(H II a), to within an accuracy limited by the small anisotropy observed in
the a—b plane. The powder data for H — 0.0150 arc shown in Figure 9.

A comparison of the dc flux expulsion and the ac susceptibility is also shown
in FIGURE 9. Because of the high a—b plane conductivity, low-frequency ac mea-
surements on single crystals inevitably lead to eddy-current effects; whereas the
powder data - avoid such difficulties. The ac and dc results arc in agreement. The
ac data extend the temperature range down to l.2 K and show a clear indication
of an upturn toward complete flux expulsion at the lowest temperatures.

The experimental results for (—4irM/ H ) exhibit an unusual magnetic field
dependence. The data for H I(a + b) are shown in FIGURE 10 for applied magnetic
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fields of H — 0.OISG , 0.12G , 1.0 G, and IOO G, FIGURE 10 demonstrates that the
- 

magnitude of the incomplete Meissner effect is a function of field even at H/H. <
4 x I0~~ where H~ — 380 G is the critical field obtained from resistance measure-
ments at I .4°K. The uniform increase in (—4 TM/H) with decreasing field makes
extrapolation to zero field impossible, but complete flux expulsion is not ruled out
by the data.

The observation of flux expulsion with the magnitudes indicated in FIGURES 9
• and 10 provides additional evidence of superconductivity below 4°K and implies

that the superconductivity does not arise from a small volume of interconnected
free Hg filaments. The latter would be expected to trap flux rather than expel it.
The agreement between the static flux exclusion and ac susceptibility indicated in
FIGURE 9 shows that there is no evidence of trapped flux due to multip ly connected
superconducting regions. Moreover, the large anisotropy and unusual tempera-
ture and field dependence appear to be inconsistent with filamentary effects . An
array of superconducting Hg filaments weakly coupled by intervening metal might
lead to bulk superconductivity throug h the proximity effect . Such a system, how-
ever , would be expected to show isotropic flux expulsion , particularl y at low fields.

• - Anisotropy can arise from internal field corrections due to the demagnetization
field. However , in the extreme case of long cylinders , the maximum anisotropy
would be 2: 1 , where~is the experimental values are an order of magnitude larger
at low fields.

The strong-field dependence shown in FIGURE 10 is reminiscent of flux pene-
tration in a type H superconductor above He, . However , the observation from
resistance measurements of critical fields (H~ ~ 380 gauss at 1 .4 K) consistent
in magnitude with 1’~ ~~ 4°K appears to rule out such an interpretation. More-
over, the results shown in FIGURE 10 would imp ly H~1 < 0.015 gauss, or

— V’i•x > 2 x 10’ where H~ is the thermodynamic critical field and IC

is the Ginsburg-Landau parameter . Assuming a typical value for the penetration
• depth , A ~ 500 A, such a low -value for H~1 would require (H~/H~, ~ X/~) a

coherence length ~ < l0~ A. Finally, simple type 11 effects will not explain the
large anisotropy, the shape of the magnetization curves, or the continuity of U.b
through the phase transition. However, a detailed discussion of the temperature
dependence, field dependence, and anisotropy of the Meissner effect must await an
understanding of the aniaotropy, magnitude, and field dependence of the penetra-
tion depth in such an anisotropic superconductor.

As discussed above, the observation of a Meissner effect with a 5 finite suggests
the possibility of an extended fluctuation regime. Although finite , ~~ might have a
substantial contribution from superconducting fluctuations in order to allow a
finite Meissner effect. The analogy with the work of Golub et a!. ~ on fluctuation
diamagnetism above T~, is instructive. They envision regions of order , the co-
herence length fluctuating into the superconducting state and partially expelling
flux. Similar effects may be playing a role in this mercury-chain compound. The
apparent absence of residual resistance in the a—b plane down to I .4 K and the
unusual magnetic field dependence of the resistivity with w~s << 1 are consistent
with this interesting possibility. Alternativel y, taken at face value, the experi-

- . 
‘ • mental results below 4’ K can be viewed as evidence of anisotropic supercon-
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ductivity. If this is indeed the case, the possibility of non-s-wave pairing in this
anisotropic metal is worth y of speculation.

SUMMARY AND CONCLUSION

The interesting and unusua l electronic properties of Hg3_ 8 AsF6 result directly
from the remarkable incommensurate polymercury chain structure. The quasi-
one-dimensional metallic behavior of the orthogonal sets of chains, their inter-
action along the c-axis and the related coupling to the one-dimensional chain
phonons are fundamental features to be considered in any attempts toward micro-
scopic theoretical understanding of the transport properties, magnetic field-
dependent resistivity and anisotropic superconductivity.

Some additional insight can be obtained from studies of the anisotropic
thermoelectric power. ’6 The results obtained from single crystals are shown in
FIGURE I Ia (a—b plane) and FIGURE 1 lb (c-axis). The thermopower is positive,
with overall magnitude of the order of a few microvolts per degree, values typical
of metallic behavior. At room temperature the results are 1.5 pV/°K and 2.2 ~iV/°K
for the (a—b) plane and c-axis, respectively. The anisotropy in the magnitude of the
thermopower is relatively small compared to the electrica l resistivity where the
anisotropy is of order 100 to I .

Above 220° K , the thermopower is approximately a linear function of tem-
perature. The electron-diffusion thermopower can be written as

- 
= 

-,‘2k 2 T [a 
In 

~~~ 
(9)

3e 8 J E 1c

For temperatures above the Debye temperature 0 and assuming energy-indepen-
dent scattering, (9) can be expressed as

2 2 k 2 TS_ _ ! ~~~~— N(0) (10)
3 e

where N(0) is the density of states (one sign of spin) at the Fermi energy. The rela-
tive ly weak anisotropy observed in the thermopower suggests ((9) and (10)) that
the larger anisotropy in conductivity is predominantly the result of very strong
scattering along the c-axis. From the slope of the data we obtain N(0) ~ 0.14
states/eV/carrier or 0.05 states/eV/Hg atom , assuming one carrier for each AsF6
anion. This value is to be compared with 0.08 states/eV/H g atom obtained from
the Knight shift. ’

The thermopower in the low-temperature range is also anisotropic. In the s-b
plane, a maximum is found with peak value at lS’K. Measurement of four samples
shows that the peak size varies from sample to sample in the range from 0.8 1iV/°K
to 1 .5 pV/ ’K. This variation and the overall peak struct u re are consistent with a
phonon drag contribution which is typically sensitive to the impurity and/or de-
fect concentration in the sample. In the c-direction , there is a smaller peak that oc-
curs near 60°K. Since phonon drag thermopower peaks typically appear at about

~ — * of e, the structure observed at l 5 K  (a—b plane) and 60K (c-axis)
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suggests an anisotropic phonon spectrum. It is particularly inte resting, however ,
that the c-axis thermopower with peak near 60°K suggests stronger coupling to the
l-D phonos (O I.D ~ 600’K), whereas the s—b plane results with peak near 15’K
suggest stronger coupling to the 3-D phonons,(03.D ~ 80’K).

These results suggest metallic behavior along the c-axis with relatively strong
scattering leading to the observed electrical anisotropy. The apparent stronger
coupling of the c-axis transport to the l-D phonons may be an important clue
toward understanding the anisotropic superconductivity.

Extension of the experimental results to lower temperatures and to include
alloy systems with known concentrations of impurity atoms arc planned in order
to further characterize the low-tem perature properties and provide information on
the mechanisms involved.
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DISCUSSION -

RICHARD FERGUSON ( Univ. of British Columbia. Vancouver . Canada): The
superconducting transition temperature of Hg2.~ AsF6 is very close to the val ue for
free mercury. How do you exclude the possibility for free mercury?

I-IEEGE R : One worries about the question of free mercury when one see a
transition so close. The transition temperature value as best we can measure is
4.l K , very slightl y off the free mercury. The most convincing evidence lies in the
observed 20: 1 anisotropy in the Meisner effect. This cannot be explained by any
simple mechanism that I know about. The most one can get from internal field
corrections in cylindrical filaments is 2 to I , whereas we find 20 to 1. Also, the

• magnitude of the flux exclusion is of the order of 20%, even at these interm ed iate
temperatures. Finally, we have done some detailed experiments looking at DSC
traces and also looking at Meisner effect with very high sensitivity looking for -

superconductivity at 4 .l5°K from samples that we have exposed to air in an at-
tempt to drive mercury out. One can , by crude handling of samples , see a t iny step
of order I0~~ in the conductivity right at the mercury phase transition separated
from the bulk transition. Moreover , you can make even that go away by handling
the samples more carefully.

TOBIN MARKS(Nor thwestern Univ., Evanston, Ill .): My impression is that mer-
cury compound is extremely air-sensitive. What sort of contacts’did you use for the
dc conductivity measurements?

HEEGER: In some cases, none; that is, we did low-frequency measurements with
no contacts to verify the magnitude of the conductivity and the details of the phase
transition. In other cases we did conventional four-probe measurements on the
samples. •

- 
- - - A• • - ‘i- - —
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APP ENDICES

COMMON ABBREVIATIONS

A Acceptor
A electron affinity
Adn acridinium
BP 4,4’-dipyridy l
BTP bithiopyran
bqdH , bqdH 2 I ,2-benzoquinonedioxime - 4
CDW charge density wave
CP tetracyanop latinate
D donor
DM F N,N-dimethy lformamide
DMSO dimethy lsu lfox ide
dpgH , dpgH 2 diphenylglyoxime
DSC differential scanning calorimetry
DTA differential thermal analysis
EA electron affinity
E, band gap
EM Madelung energy
en ethy lenediamine
esr, ESR electron spin resonance
Et ethy l

van de Waal’s energy
FIR far infrared - -

g electron phonon coupling constant
HMTSF , HMTSeF hexamethy lenetetraselenafulvalene
I , l.P. ionization energy
IR  infrared - 

- -

3 magnetic exchange constants
KCP K 2 Pt(CN)4Br0.3 . 3.2H2O

ligand
L-L bidentate ligand
Me methyl
MO molecular orbital
NIR near infrared
NMP N-methylphenaznium
NMR nuclear magnetic resonance
p polarization energy
PcH 2 phthalocyanine
Phen phenazine
Ph phenyl

• Qn quinolinium
R reflectively, organic substituent group
S thermoelectric power
t charge transfer integral
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T temperature
T1 nuclear spin lattice relaxation time
12 spin-spin relaxation time
TCNQ 7,7,8,8-tetracyano-p-quinodimethane
TCP tetracyanoplatinate
TH F tetrahydrofuran
1SF, TSeF tetraselenafulvalene
h F  tetrathiofulvalene
Ti’T tetrathiotetracene
U coulomb repulsion
UV ultr aviolet
V potential
VDW van der Waals
VIS visible

activation energy
dielectric constant

A wavelength
mobility

v frequency
p resistivity, number of electrical charges per molecule

electrical conductivity
x magne tic susceptibility
a, frequency (2ii)

• ~~ 4.- - - 
- 

- -

~~:‘-~~ - ‘
• -~~ - 

~~~~~• . - ç - -

- -~~~~~~~~
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~~ 

I

_ _  

-~~~~~ -~~~ - • - • - _ _ -- - _ _ _ _ _



_  - --~~~~~~~~~~~~~~ - ---•~~
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CONSTANTS

Avogadro’s Number , N — 6.023 x 10B molecules mole-’
Bohr magneton ,gi 5,gi — 5.789 x l O 9 eV Gauss~Boltzman ’s constant , kor k b — 8.618 x 1O~~ eV° K ’
electron charge, e — 1.602 x l0~’9 coulomb
electron mass, m~ — 9.11 x 1O~~ kg
1 eV — 3.82 x 10_Il kcal

— 1.602 x 10~ ’9J
— 1.602 x I0~~

2 erg -•

I eV molecule ’ — 23.06 kcal/mole~~
— 96.52 kJ mole ‘
= 8,066 cm ’ — 1239.7 nm
— l l ,605 K

Planck constant , h = 4.14 x 10_2 1 eV sec~~
11 — 6.59 x 10~~~eV sec~- 1

‘ ‘ I

t
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