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THE NRL PROGRAM ON ELECTROACTIVE POLYMERS

SECOND ANNUAL REPORT

Introduction

N. L. Jarvis
Surface Chemistry Branch
Chemistry Division

The electroactive polymer program of the Naval Research Laboratory (NRL)
is directed towards the development of synthetic, non-metallic polymers with
properties superior to those of the currently available electrical and electronic
materials, whose utility is often limited by such factors as weight, mechanical
fragility, fabrication problems, corrosion, scarcity and high cost. These
limiting properties of current electronic materials closely match the superior
properties of non-metallic polymeric materials, i.e. (1) high stremgth to
weight ratio; (2) unlimited availability; (3) low cost; (4) simplified
fabrication; and (5) variability in molecular design and properties., The
thrust of this program is therefore to determine those chemical combinations
of molecules that have high electrical conductivity and then by chemical
synthesis or modification incorporate them into polymers that combine the
required electrical and electromagnetic properties with the desired material
characteristics.

The NRL program of research on electroactive polymers has four inter-
related tasks - Theory, Synthesis, Characterization, and Application,

Theoretical studies relating electrical properties to molecular structure
are an important part of the NRL program. Such studies provide direction for
the synthesis of new materials, give guidance for the modification of new and
existing materials, and describe the electronic behavior of the conducting
materials, which is necessary before they can be utilized in electronic
devices. The theoretical effort involves a number of mathematical approaches
to determine electronic properties, including semi-empirical molecular
orbital methods, tight binding calculations, and polyhedral atomic volume
determinations. As a part of this effort, electronic energy levels and
other molecular parameters derived from photoelectron spectroscopy (XPS),
carbon-13 nuclear magnetic resonance spectroscopy and electrical conductivity
measurements are being compared with theoretically derived values.

The synthesis of new conducting polymers is primarily directed to preparing
derivatives of polyconjugated linear and network polymers. The linear
polyconjugated systems include polyacetylene and polydiacetylene derivatives,
while the synthesis of new network polymers is directed primarily to the

Manuscript submitted July 14, 1980
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dianil-linked polyphthalocyanines. The earlier effort to synthesize

analogues of (SN)_, specifically the sulfur-phosphorus compounds, has been
discontinued based on the theoretical determination that they will not have

a high conductivity. A different approach to preparing electrically conducting
polymers was shown to be promising, That was the dispersion of charge transfer
materials, such as salts of TCNQ, in poly(vinylacetal) as the matrix polymer.
Only a few percent of the neutral TCNQ added to the TCNQ complex salt dispersed
poly(vinylacetal) system increased the conductivity dramatically.

In addition to synthesizing new electrically conducting materials, efforts
have continued to modify existing conducting and material properties. Ion
implantation is one promising technique being investigated. It has been demon-
strated that ion implantation of certain halogens into (CH)_ will increase con-
ductivity without damaging the polymer, and in fact may helg stabilize the polymer
to oxidative degradation. Halogens are also being studied as chemical dopants

for both (SN)_ and (CH) , and the results are being compared with the ion
X X
implanted materials,

Another modification technique studied was based on the observation that
(CH)_ as prepared is a very low density material. It was suggested that under
highxpressure the density of the polymer, and perhaps its ordering, would
increase and thus increase its conductivity. Initial results were not con-
clusive., For example with an acceptor doped sample there was an initial decrease
in resistivity with increasing pressure, but with further pressure increases
the resistivity subsequently increased.

A variety of physicochemical and spectroscopic measurements is being
used to determine the electrical properties, mechanical properties and molecular
structrues of materials. Techniques include X-ray induced photoelectron
spectroscopy to study the electronic energy levels, mass spectroscopy and
carbon-13 and fluorine-19 to characterize some of the interactions between the
chemical dopants and the polymer matrix,

The NMR technique is being used to study "intercalated" or doped graphite
and graphite fibers, as well as (CH) ., The graphite fibers also have high
electrical conductivity, combined with their very high tensile strength, and
are potentially useful to the Navy as light weight electrical conductors, or

when used as reinforcing fibers to produce highly condr:ting reinforced polymeric
structural materials.

As promising new electroactive polymeric materials evolve from the program,
applications which exploit their unique properties will be examined. Two such
studies are now beginning. (SN)x is being studied as a paste electrode and a
more theoretical effort is now underway to consider the use of these materials
as "molecular" electronic devices. In addition to specific applications it is
anticipated that these studies will lead to the discovery of important new
phenomena and exciting new technologies.
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SEARCHING FOR S~P ANALOGUES OF (SN)x

Forrest L. Carter
Theoretical Chemistry Section
Surface Chemistry Branch

In the search for analogues of the metallically conducting polysulfur
nitride, (SN)x, one is attracted to the isomorphous replacement of nitrogen

by phosphorus. In such a case one might hope to improve upon the poor
thermal stability of (SN)x as well as to enhance the metallic conductivity by

some d orbital participation in the bonding of the phosphorus analogues. At
the same time, however, the isomorphous replacement of P for N should not

+.5 —.5
Ny,

and which results from the sharing or delocalization of a conducting electron
between both N and S in an antibonding T* molecular orbital.

upset the sensitive charge balance, approximately indicated by (S

Rather than investing a large amount of time in a possible futile
attempt to synthesize a metallically conducting (SP)x’ the approach used here

is to compare known S-N compounds with related S-P compounds in terms of the
atomic volume of sulfur. If the sulfur volume is approximately the same in
both series then the sulfur charges will probably be similar and a metalli-
cally conducting (SP)x is feasible. On the other hand a much larger sulfur

in the S-P compounds would suggest that sulfur is neutral or negative, and
attempts to prepare a metallically conducting (SP)x would be futile., Before

describing the method of calculating the atomic volume, it will be desirable
to discuss in greater detail the origin of the atomic charges and their im-
portance to conduction in (SN)x.

The basic bond structure in the chain of (SN)x can be considered to be

one in which one electron per S-N unit is missing:

+
-N =§ N =28 ~N = 3§
N=S§ N =gt \y = st

Note that by ionizing sulfur to the +1 charge state sulfur can be trivalent,
(An alternative view would be to have each sulfur as a trivalent d-state
radical.) The electron to be added (per S-N group) goes into a delocalized
anti-bonding I* orbital to which both nitrogen and sulfur contribute approxi-~
mately equally. This means that the nitrogen is charged ~ -0.5 and sulfur

A~ 40,5, If the electron is added entirely to sulfur then the sulfur is
forced to be divalent and each nitrogen is left with an unpaired unshared
electron, a very unstable situation. Accordingly not only does the conducti-
vity, but even the existence of the (SN)x chain, depends on the sulfur having




.

a fractional positive charge:. The replacement of nitrogen by phosphorus does
not change this structural argument.

The effective charges on the sulfur atoms in both the S-N and S-P com-
pounds are correlated with their polyhedral atomic volumes (PAVs) which are
calculated as the volumes of Voronoi (or Wigner-Seitz) cells except that the
different sizes of the atoms are taken into account [1,2]. The classic con-
struction of the Voronoi cell of a point in an aggregate involves selecting
the smallest cell formed by planes perpendicularly bisecting all the point to
neighbor vectors. Such a cell must contain the point of interest and the
collection of all such cells for an aggregate f£ills all space [l1]. In con-
structing PAV cells the plane perpendicular to the interatomic vector is
located nearer the smaller atom by bisecting the distance between the sur-~
faces of spheres whose radii are Pauling's single bond radii. In such a case
one is approximately dividing in half the bonding electron cloud [2]. Ac-
cordingly the PAV cells are reasonably described as an atomic volume. Fur-
ther details of the bonding in (SN)x and the construction of PAV cells may be

found in the first annual EAP report {3].
RESULTS

Calculations of PAVs were based on the known crystal structures of <SN)2’
(SN)A’ (SN)X, PAS3’ PASA’ P4SS’ PQS7, P4SIO’ and P48312.
compounds sulfur is always in a bridging position between two nitrogens
whereas in the phosphorus series sulfur is either bridging between two phos-
phorus atoms or in a terminal position on a pentavalent phosphorus. The PAV
results for sulfur in these compounds are shown in Figure 1 as a function of
a generalized coordination number that recognizes fractional bonds [4]. It

is seen that there is a clear distinction among sulfur bridging between ni-
trogens, between phosphorus atoms, and in a terminal position on a phosphor-

In the nitrogen

us atom. The corresponding average PAVs are 22.0, 26.0, and 31.2 23. Since
ESCA results [5] and molecular orbital calculations using the MNDO [6] and
SCF-Xa (7] methods, indicate that the sulfur charge in the nitrogen compounds
is between +0.3 and +0.5, the higher sulfur PAVs for the S-P compounds
strongly indicate that the sulfur charges are neutral or negative,

Some of the PAV cells for the phosphorus compounds are indicated in
Figure 2 where the number 1 in the face centers correspond to a bonded inter-
action with sulfur and a number 2 to a bonded interaction of the central atom
with a phosphorus neighbor. Near the center of the cells are two symbols:

-+ gives the position of the atom, while)::shows the geometric center of
the cell, The distance between them, the first moment, provides a measure of
the symmetry or the evenness of the bonding about the central atom, a proper-
ty Gorter [8] coined as "isonomicity".

Our attempt to quantify the concept of isonomicity using a scheme based
on spherical harmonics was not particularly successful for these compounds.
However, the results using the first and second moments of the cell shape
were similar and promising. Figure 3 illustrates the results for phosphorous,
Not only is there a clear separation between tri- and pentavalent phosphorous,
but trivalent phosphorus shows a clear PAV increase with the first moment. A




Number (bond order)

Coordination

Fig. 1.

AT A g,

2.0

1.6

s=p<

) P 0oo
LB . 3 L ¥ L) ) | Ll
20,0 22.0 21.0 26.0 26.0 30,0 32,0 34.0

Sulfur Atomic Volume (A3)

1.0

This figure shows the clear separation of sulfur PAV according to

the kind and number of its neighbors, Even though sulfur in (SN)

has a similar CN to sulfur in the Pbsn series its volume is signi?icantly
smaller.
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Fig. 2, The wide variety of PAV cells for sulfur and phosphorus are shown
for the P,S_ series, On the upper left are seen two trivalent phos-
phorus atomg, while the upper right shows two pentavalent phosphorus
atoms, Terminal sulfurs are on the middle right, while bridging
sulfurs are on the bottom, The PAV cells for the S-N compounds are
found in Reference 3,




very similar figure (not shown) is obtained when the cell second moment
(radius of gyration) is used. These results are in agreement witn Gorter's
observations that anionic volumes increase with their anisonomicity [8].

Table 1 indicates the average PAVs for the phosphorus compounds as a
function of bond type. The large difference between the bridging and ter-
minal sulfur volumes is expected since the latter have more van der Waal's
contacts. We also note that both the trivalent and pentavalent phosphorus
PAVs can be arranged in descending order by bond type or ZAxijnij where Axij
is the electronegativity difference of the bonded atoms i and j, and the bond
order is n, ..

ij

The internal consistency obtained above (Table 1) for the six P-S com-
pounds suggests that, for these closely related compounds of sulfur, nitro-
gen, and phosphorus, the PAV calculations yield meaningful and chemically
significant results even for molecular crystals. The added beauty of this
approach 1is that these results depend almost wholly and simply upcn known
crystal structures and not upon a protracted semi-empirical molecular orbital
or ab initio calculation.

SUMMARY

The application of the PAV calculations to the primarily molecular
crystals (SN)2, (SN)A’ PASn’ and P48312 not only clearly distinguishes be-

tween bridging and terminal sulfurs and between tri- and pentavalent phos-
phorus atoms, but shows understandable volume variations according to kind
and number of neighbors, While such a result is expected for non-molecular
crystalline materials, it is not a priori obviocusly correct for molecular
crystal types. The comparison of sulfur PAVs in the nitrogen compounds with
those  in the phosphorus compounds clearly suggests that in the latter com-~
pounds, the sulfur is no longer positively charged. This leads to the con-
clusion that metallically conducting phosphorus analogues of (SN)x will not

be forthcoming and any attempt to prepare them will be futile. Finally, we
note that the moment analysis of PAV cell shape is a promising method for the
quantification of Gorter's isonomicity concept.
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SEMI-EMPIRICAL CALCULATIONS ON ELECTROACTIVE POLYMERS

J. A. Hashmall, L. C. W. Baker, F. L. Carter, P. Brant, and D. C. Weber

INTRODUCTION

Development of methods to predict the band gaps of polymers would be of
enormous utility to experimental chemists seeking to synthesize polymers with
specific electrical properties. Such a method, to be maximally useful, should
display the following properties:

(1) It should predict the band structure (or at least the band gap) of
polymers accurately.

(2) It should be applicable to a wide variety of polymers, and for each
polymer to different configurations of the polymer.

(3) It should be computationally simple enough so that the cost of
predicting a polymer band structure is much less than the cost of synthesizing
the polymer itself.

(4) It should be able to treat anomalies within the polymer structure,
such as kinks, anomalous substitution (doping sites), etc.

We have developed a method that comes close to satisfying these criteria;
it is based on the Modified Neglect of Differential Overlap (MNDO) (1) semi-
empirical molecular orbital method. We have tested this method on known
electroactive polymers, and have used it to predict the band gap of a number
of postulated electroactive polymers. In addition, we have attempted to
ascertain the source of the regular errors in our method in order to compensate
for them. The results indicate three new polymers as extremely promising
candidates for highly conducting materials.

Our method consists of performing MNDO calculations on monomers, dimers,
trimers, etc. of the repeat unit of a polymer, and extrapolating the highest
occupied molecular orbital (HOMO) energy level and the lowest unoccupied
molecular orbital (LUMO) energy level to infinite chain length, thus obtaining
an estimate of the energies of the top of the filled band and the bottom of
the conduction band, and thereby the band gap. We have performed these
calculations on (SN)x’ H-(CH)X—H, H-(CH)x—Y (where the substituent Y is F,
NH,, BH,, BeH, Cl, S~ or 07), and on the polymer that would be obtained by co-
po%ymer%zation of acetylene with methyl isocyanide with one nitrogen intro-
duced into each chain of polyacetylene as well as on the protonated form of
this copolymer.

11




The band gap estimates calculated for the above polymers, had relative
magnitudes that were in excellent agreement with all experimental evidence
on these systems. The absolute magnitudes of the estimated band gaps were,
however, considerably larger than experimental values. To aid in evaluating
the reason for this discrepancy we performed calculations on the first
excited singlet and triplet states of short-chain molecules of (CH)_ . The
results of these calculations indicated that the overestimate of thé& band gap
was probably due to the assumption that the first excited state could be
represented as a product function of ground state electron wavefunctions.

THEORY

In a simple one dimensional polymer, if non-nearest neighbor interactions
are ignored, theory predicts the jth energy level in any band obtained by
interaction of n orbitals to be given (2) by:

Ej = 2B8cos jn/(n + 1) (1)

In such one dimensional polymers the net energy is minimized if alternating
units distort (geometrically or by spin flipping) so that the interactions
between each unit and its two neighbors are not =2qual. This inequality
affects the energy of the levels in the band by crusing a gap in which no
energy levels exist. For the case with one electron on each atomic orbital
which combine to form the band, for example the pi band in polyacetylene, the
gap is in the middle of the band and the energies of the top of the filled
half band and bottom of the empty half band are given by:

_ nm ‘
E, = A +B_ cos PICTS) (2) |
- (n/2+1)m
E = A + B, cos (ot1) 3)

The terms A and B are parameters which indicate the magnitude of the
perturbation leading to band splitting and the magnitude of the nearest
neighbor interactions. Since

n/2 - Tn_ 1
cos(n+1 ) = cos(2 pve} 2)
and cos(% - x) = sin x
t t t B 27
Similarly
241 1
cosgéxi— = cos(%'+ =1 %)' cos(m - x) = -cos x,
and
n/2+1 T __1
cos— 7~ " = cos {n - (2 il 2)]
- ( 1 =
cosly = ntl 2
1 =
= -~ gin (== =
n+l 2 12




SO

E = A, - B, sin (;;{T n/2). (5)

Both equations 4 and 5 are of the same form and can be linearized by the
transformation:

l =
f(n) = sin(;;i'i (6)
This transformation produces a linear relation between the energy of an
orbital (the top of the occupied split halfband or the bottom of the vacant
split halfband) and the function f, which is a known function of the degree
of polymerization, n. A least squares fit of E calculated as the HOMO or LUMO
in MNDO calculations on oligomers to the values of n for these oligomers to
the equation

E = A + Bf(n) @)

provides values of A and B. Because f(n) goes to zero as n becomes large, A
is simply the infinite degree of polymerization limit of the band edge: E_.
Small deviation from exactly half-filled splitbands will affect the form of

the functions 3 and 4 only slightly for high degrees of polymerization, and

therefore these equations should be useful even for polymers with splitbands
that are not exactly half-filled.

RESULTS

Before calculations on (SN) were performed, calculations on several
simple SN containing compounds were performed to evaluate the accuracy of the
MNDO method for molecules containing the SN unit. The sparse experimental
data for these compounds were compared with calculated values. Geometries,
ionization potentials and, where possible, thermodynamic data were evaluated.

MNDO calculations including geometry optimization were performed on
SZNZ’ S N4 (both in cyclic configurations similar to the known stable forms),
S,N, in an acyclic form in both cis and trans conformations, and the series

(SN)_ for x = 4,6,8 in conformations similar to that known for polymeric (SN)
In aédition, calculations along the reaction path for ring opening of S N2
and along the reaction path for twisting of the acyclic SZNZ from clis th
trans configurations were performed.

The enthalpies of formation and HOMO and LUMO energies of the calculated
species are summarized in Table 1.

The calculated geometries of S,N, and S,N, are similar to measured
geometries. The calculated geometry parameters (with experimental values
(3,4) in parentheses) are:

© -]
S,N,: RSN = 1.621A (1.654A), <SNS = 85.0° (89.0°) <SNS = 95,0° (91.0°)

272

[ o
S,N,: RSN = 1.581A (1.616A), <NSN

-} [-}
Ny 108.2° (104.5°)

13




The calculated S-S non-bonded distance in S,N, is considerably larger than the

experimental value; 2.951A calc vs. 2.580R exptl. The calculated charges on
sulfur and nitrogen are *0.40 in SZNZ’ and *0.53 in S,N, which are ir. good

agreement with X-ray photoelectron spectroscopic data (5).

Calculations on the ring opening of SN, show that the reaction proceeds
with an activation energy of 43.4 kcal/mole at a geometry with one S-N bond
stretched to about 2,.1A and the ring twisted about 20° out of planarity. This
twisting allows mixing of the o and w orbitals. Acyclic 82N2 has a o HOMO.
The energy of the triplet diradical is only slightly above that of the ground
state (AE = 4.6 kcal/mole) in agreement with the observation of unpaired spins
in the course of the polymerization of 82N2 to (SN)x .

Rotation about the central bond in acyclic S,N, has a transition state
at 90° with an energy only 1.3 kcal/mole above that“of the cis isomer.

MNDO calculations are sufficiently reliable for hydrocarbons and their
simple derivatives (8) that no calculations were performed to examine the
reliability of MNDO for these systems. MNDO calculations were performed on
short-chain molecules of H-(CH) -H for x = 2,4,5,6 and 10, on all possible
monof luoro-derivatives of thesexcgmpounds and on derivatives with substituents:
NHZ—, BHZ—, BeH-, Cl1-, 0, and -S . All of these calculations were performed
with the carbon chain in its all-trans conformation and all of the substituents
were in the cis-terminal position (see Figure 1) except that in the case of
the fluoro-derivative, both cis and trans isomers were calculated. 1In
addition, calculations were performed on oligomeric molecules of a polymer
which has been postulated as the product of copolymerization of acetylene
with methyl isocyanide (9). To model this copolymer, protons were used
instead of methyl groups and the substituent was placed in a terminal
position on the oligomer chain. The resulting compounds are identical to the
compounds that would be obtained by replacing a terminal methylene group (CHZ)
in the polyacetylene oligomers with an imide group (NH). In addition, MNDO
calculations on the N protonated cations of each of these copolymer oligomers
were performed. All geometry parameters were optimized in the hydrocarbon
calculations, but in the calculations on derivatives it was determined that
optimization was required only for the parameters local to the substituent
and those local to the carbon directly bonded to the substituent. The HOMO
and LUMO energies of these molecules are presented in Table 2.

The values obtained were extrapolated using a least squares fit to
equation (7) with f as defined in equation (6). The resu%ting calculated band
limit energies, the correlation coefficient of the fit (r“), and the band gap
calculated from the difference between the HOMO band and the LUMO band limit,
are presented in Table 3.

Calculation of band gap energies as equal to the difference between
calculated HOMO and LUMO energies involves the implicit assumption that the
two states involved can be well represented as products of different members
of the same set of one electron functions, with only the one electron wave-
function representing the excited electron changing. The assumption is also
made that the one electron function representing the electron in the con-~
duction band can be well represented by the first virtual orbital calculated
for the ground state electronic distribution. To test these approximations
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and to determine the source of errors resulting from these approximations,
calculations were performed on the anions, cations, singlet excited states
and triplet excited states of the polyacetylene oligomeric molecules for
which the neutral ground state energies had previously been calculated. The
energy differences between the appropriate species are reported in Table 4 as
the singlet excitation energy, the triplet excitation energy, the ionization
potential and the electron affinity. In addition, excitation energies
obtained by summing the ionization potential and electron affinity are also
reported. These values were extrapolated to infinite chain length as above
and the extrapolated energies are also presented in this table.

ey~

Similar calculations were performed for the vertical processes - those in
which the geometry of the excited state or ion was not changed from that of
the ground state molecule. Results of these calculations are included in
Table 4.

DISCUSSION

The agreement between experimental and calculated geometries of SN, and
of S,N, indicates that the MNDO method treats compounds with the SN unit
accurately, except that S-S non-bonded attractions are underestimated. This
conclusion is supported by the few thermodynamic data available. When (SN)
is heated, an acyclic form of S N vapor is evolved. The enthalpy of this
vaporization has been determineé to be 29 kcal/mole from mass spectra (10) and
32.49 kcal/mole by the direct Knudsen method (11). For the reaction S_N
25,N, as a model for this reaction, a MNDO calculation gives an enthalpy of
vaporization of 31.1 kcal/mole.

The consistently high values of correlation coefficients for the least
squares fits, indicates that the extrapolation method is consistent with the
data., The resulting calculated band gaps, 3.49 eV for (SN) and 6.05 eV for
trans (CH) , are considerably larger than experimental valués, <0.0 eV for (SN)
and 1.5-2. 6 eV for (CH)

Much of this error results from the Koopmans' theorem-like frozen orbital
approximation. The ground state polymer is represented as an antisymmetrized
product function of restricted, paired one electron wavefunctions. The use
of the variation method to obtain these functions produces virtual functions
in addition to occupied functions. The energy necessary to excite an electron
to the conduction band is taken as the difference between the one electron
energy of the highest energy one electron occupied wavefunction and the energy
of the lowest virtual one electron wavefunction. There are several inherent
sources of error in this procedure:

(1) The one electron energy of virtual orbitals are not well represented
by any variation method-based MO technique because the minimized total
electronic energy is insensitive to these functions.

(2) The change in the remaining occupied orbitals, especially the spin-
pair of the electron which has been excited, is ignored.

(3) Changes in repulsion energy due to the excitation are not included.
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All of the above sources of error can be seen to have a large effect by
comparing the data in Table 4 to that in Table 3. The additional error due
to spin correlation is known to be small for MNDO calculations on small
systems but may be significant in polymeric systems.

In an infinitely long polymer chain, the dominant effect on the re-
arrangement of electrons on excitation is the extent of the polymer rather
than the nature of the monomer units. For a perturbed free electron model
one would expect all of the above sources of error to be similar for polymers
which are similar. In fact, if one assumes that the total error in the
calculated band gap is the difference between the maximum experimental band
gap for (SN)_ (0 eV) and the calculated band gap, one obtains a correlation
factor, which when applied to (CH) yields a corrected estimate of the band
gap as being no greater than 2.56 8V. This value is only slightly higher than
the experimental value of between 1.5 and 2 eV. Comparisons of band gaps of
(CH)_ and derivatives of this polymer should yield even more accurate band
gap differences.

CONCLUSIONS

The method developed, calculation of HOMO and LUMO energies of monomers
and small oligomers by the MNDO method, followed by extrapolation to infinite
polymer length, yields band gap estimates which are higher than experimental
values. Differences between these estimates are, however, consistent with
exper iment.

Simple substituents on polyacetylene seem unlikely to_alter the band gap
substantially. On the other hand, substituents such as -0 , S , or -CH=NH,*
which can donate or remove charge from the pli system of the chain by a pi
resonance effect (as opposed to an inductive effect) show enormous promise of
radically decreasing the band gap of this polymer.

REFERENCES
1. M. J. S. Dewar and W. Theil, J. Am. Chem. Soc., 99, 4899 (1977).

2. C. A. Coulson and J. Streitwieser, Jr., "Dictionary of m-Electron Calcula-
tions,"” W. H. Freeman and Co., San Francisco, 1965, p. xxix; C. A. Coulson
and G. S. Rushbrooke, Proc. Cambridge Phil. Soc., 36, 193 (1940); E.

Heilbronner and H. Bock, '"The HMO Model and Its Application," John Wiley
and Sons, London, p. 131-135.

3. A. G. MacDiarmid, C. M. Mikulski, P. J. Russo, M. S. Saran, A. F. Garito,
and A. J. Heeger, J, C. S. Chem. Comm., 1975, 476; C. M. Mikulski, P. J.
Russo, M. S. Saran, A. G. MacDiarmid, A. F. Garito, and A. J. Heeger,

J. Am. Chem. Soc., 1975, 97, 6358; M. J. Cohen, A. F. Garito, A. J. Heeger,
A. G, Macbhiarmid, C. M. Mikulski, M. S. Saran and J. Kleppinger, J. Am.
Chem. Soc., 1976, 98, 3844.

4., P. B. Zeeman, Can. J. Phys., 1951, 29, 179.

5. P, Brant, D. C. Weber, C. T. Ewing, F. L. Carter, and J. A. Hashmall,
Inorg. Chem,, to appear August, 1980,

16




6. R. H. Findlay, M. H. Palmer, A. J. Downs, R. G. Egdell, and R. Evans,
Inorg. Chem., to appear Autumn 1979.

7. M. J. S. Dewar and W. Theil, J. Am. Chem. Soc., 1977, 99, 4907.

C. M., Mikulski, A. J. Russo, M. S. Saran, A. G. MacDiarmid, A. F. Garito,
and A. J. Heeger, J. Am. Chem. Soc., 1975, 97, 6358.

P. Brant, unpublished work.

R. D. Smith, J. R. Wyatt, J. J. DeCorpo, F. E. Saalfeld, M. J. Moran,
and A. G. MacDiarmid, J. Am. Chem. Soc., 1977, 99, 1726.

D. C. Weber and C. T. Ewing, Inorg. Chem., 16, 3025 (1977).

17




e AMEI e sy irsatsns g

(A2 . = % .
9 (A2 9¢°6 = 41 13dxa) ayow/TeDY Z £9T s¢ pa3enoTed st L1jswoa8 Tejusmpiadxs s3IT uy czcm 3o w:qu

) *A® 98-71- = A8aaua
*O°W 1 patdnovo 3sayfiy “-a7ow/Tedy z°4%1 = £S1sus 327dri3 puwe aTom/Tedy 0°4ST = A319us 3a78urs paieInoTE)

q
. ‘vd z%°z- pue
oAaumxo A2 95°0T) dI Te91333A [/°0T ‘4l OTILAPIPE g9-0T IO SOIITUTIIE UOIIDST® puB TRFIU30d UOTIEZIUOY BYl 103
sanTeA pTatd A819u? 1BTNOITOW PaeINOTED 9yl pue SITBIaud UOTUE 10 UOTIBD PIIBTNITED UIIM3aq s9oua13131q,
1gg g~ 876 - 8992 ,(11949) "n"s
178" z- 1ze'g - R, (uado) S8 ~
uyL ez~ 10L°8 - 8°8E€ (uado) s ]
1§z~ 1S "6 - €°9€7 (uado) N"s ]
LET - 015°6 - 7* 00T (prosueay) IyCs
410"z~ 08€°6 ~ 9°6€T q(Prost) &ls
191 Z- 16601~ S L1t L (PF1249) Fs |
(A9) £31dus QuNT (A®) £3a1sua OWOH Amaoa\ﬁmuwimq

SUOTIBRTNOTED OQNW 3O S3IThSay

T @1qeL




Table 2

Calculated HOMO and LUMO Energies (eV) for Trans-Polyacetylene and Derivatives

Polymer Orbital Degree of Polymerization (x in H-(CH)X-H)

‘ 2 4 6 8 10
» H-(CH)_-H HOMO -10.18 -9.14 -8.64 -8.34 -8.17
F unsubstituted 1.32 0.3  -0.10  -0.42  -0.61
Cis-1-F- HOMO -10.18 -9.19 -8.71 ~-8.41 -8.23
: LUMO 0.67 -0.03 -0.38 -0.62 -0.76
Trans-1-F- HOMO -10.18 -9.22 -3.76 -8.46 -8.28
i LUMO 0.67  -0.06  =-0.42  -0.67  -0.81
2-F- HOMO - -9.39 -8.92 -8.59 -8.38
i LUMO - -0.01 -0.40 -0.66 -0.82
3-F- HOMO - - -8.78 -8.43 -8.24
LUMO - - ~0.41 -0.65 -0.79
HOMO - - - -8.52 -8.36
LUMO - - - -0.67 -0.83
HOMO - - - - -8.29
LUMO - - - - -0.82
HOMO -10.05 -9,22 -8.75 -8.45 -8.27
LUMO 1.08 0.10 -0.32 -0.60 -0.76
HOMO -10.66 -9.53 -8.97 -8.61 -8 "0
LUMO - 0.12 -0.60 ~0.82 -0.98 -1.06
HOMO -10.16 -9.17 -8.71 -8.41 -8.23
LUMO 0.79 0.08 -0.31 -0.58 -0.73
HOMO -10.28 -9.32 -8.81 -8.48 -8.29
LUMO 0.64 -0.06 -0.43 -0.67 -0.81
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Table 2 (Continued)

Calculated HOMO and LUMO Energies (eV) for Trans-Polyacetylene and Derivatives

Polymer Orbital Degree of Polymerization (x in H—(CH)X-H)
2 4 6 8 10
1-0 - HOMO - 1.68 -2.19 ~2.56 -2.82 -3.00
LUMO 8.38 6.22 4.69 3.63 2.82
1-s~ - HOMO - 2.59 -2.95 -3.20 -3.37 -3.48
LUMO 6.77 5.07 3.88 3.00 2.23
H-(CH)__, NH HOMO -11.19  -10.05 -9.20 -8.71 -8.47
LUMO 1.17 0.16 -0.33 -0.64 -0.81
H-(CH)_ NH,"  HOMO -20.18  -15.65  -13.67  -12.46  -11.61

LUMO - 6.71 - 6.31 - 5.99 - 5.78 - 5.64




(sM),,
Trans (CH)x

Cis-—l—F—(CH)x

Trans—l—F-—(CH)x

2-F-(CH)
1-NH,- (CH)
1-BH,~(CH)
1~BeH- (CH)
1-c1- (CH)x
1~o‘-(cu)x
1-s"~(CH)x

(CH)x—lNH

+

(€, 1M,

Table 3

Values of Extrapolated Energies (eV)

-6.69%
~7.38
~7.48
~7.55
~7.56P
~7.61
-7.53
~7.49
~7.54
~3.43
~3.78
~7.45

-8.30

E
n

HOMO

= E°° + B sin

0.9955%
0.9996
0.9990
0.9987
0.9966
0.9944
0.9984
0.9992
0.9965
0.9730
0.9797
0.9850

0.9997

a3 N not used because HOMO was o.
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bx = 2 not used.
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1 om
n+l 2

-3.20
~1.33
~-1.30
-1.37
-1.50
~-1.48
-1.42
~1.29
~1.36

1.07

0.89
~1.58

~5.29

r2 Band Gap
0.9973 3.49 ev
0.9964 6.05 eV
0.9970 6.18 ev
0.9973 6.18 ev
0.9984° 6.03 eV
0.9997 6.13 ev
0.9985 6.11 eV
0.9939 6.20 eV
0.9966 6.18 eV
0.9733 4.48 eV
0.9649 4.67 ev
0.9991 5.88 eV
0.9703 3.01 ev




Table 4
Calculated Energies (eV) of Electron Transfer Processes in Trans-(CH)x
i Adiabatic Process Band Gap ﬁ
? X Singlet Excitation Triplet Excitation I.P. E.A. I.p., - E.A. E
2 5.54 1.73 9.67 -1.02 10.69
4 5.25 1.43 8.66 -0.00 8.66
6 4.64 1.31 8.12 0.58 7.54 E
8 4.40 1.13 7.76  0.97 6.79 ;
10 4.24 1.08 7.55 1.21 6.34 ;
E, 3.81 0.85 6.76 2,02 4.74
r? 0.9085 0.9771 0.9956  0.9924 0.9941
Vertical Process
2 5.80 2.21 9.96 -1.12 11.08
4 5.36 2.13 8.87 -0.13 9.00
6 4.77 1.96 8.32 0.43 7.89
8 4.49 1.87 7.97 0.80 7.17
10 4,32 1.89 7.74 1.01 6.77
E_ 3.82 1.74 6.94 1.80 5.14
r? 0.9434 0.8966 0.9984  0.9939 0.9965

22




Conformations of calculated
polyacetylene derivates
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SOME EFFECTS OF INTERNAL COORDINATES ON THE PROPERTIES OF
NONSIMPLE METALS AND SEMICONDUCTORS

C. T. White
Surface Chemistry Branch
Chemistry Division

INTRODUCTION

In recent years there has been a continued and developing interest in
the electronic properties of novel polymeric metals and semiconductors due to
their potential technological usefulness. For example, the successful
doping (1) of the quasi-one-dimensional polymer (CH)_ and its sub-
sequent use in the fabrication of such photovoltaic devices (2) as
Schottky (metal-semiconductor) barriers and p-n junctions has stimulated much
additional research into the nature of this and related conjugated polymeric
systems. Additional examples along these lines are provided by the charge

transfer salts (3) such as TTF-TCNQ and NMP-TCNQ as well as the "semimetallic"
polymer (SN)x 4).

It is noteworthy that the aforementioned examples are not only interesting

for purely technological reasons but are also important from a fundamental
viewpoint. More specifically, these and related systems may well represent
prototypes for studying the effects of correlations in reduced dimensions and
how they may manifest themselves through such collective effects as a super-
conducting state, ferromagnetism, antiferromagnetism (and consequent novel

excitations such as spin polarons (5)) and charge density waves (and consequent

novel excitations such as solitons (6)).

The physical structure as well as the chemical bonding of such polymeric
metals and semiconductors can be quite complex in comparison to the corres-
ponding simple metals and crystalline semiconductors. As we shall see, this
can introduce into the description of these systems important complicating
factors associated with what we will term internal coordinates. For example,
in the nonsimple metallic systems, bonding between the constituents of course
occurs but it is not the usual metallic bonding and can involve hybridization
to one degree or another. In addition, these systems are certainly more dis-
ordered and nonstoichiometric than the traditional simple metals and semi-
conductors and hence contain many more imperfections, impurity defects,
vacancies and the like, all of which can give rise to internal coordinates
associated with e.g. abnormal bonding configurations, etc. Furthermore, many
of these nonsimple metals and semiconductors represent reduced dimensional
systems and this aspect of their structure will enhance the effects of

internal coordinates over what would be expected in the corresponding fully
three~-dimensional materials.
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Here I will discuss some of the aspects of these internal coordinates
which are expected to be important in the description of nonsimple metals and
semiconductors and make some qualitative comparison of the resultant
pictures to experiment. It is noteworthy that although the ensuing dis-
cussion will be largely confined to systems which one usually thinks of as
polymers and/or organic conductors, many of the concepts mentioned here may
be found applicable to the study of other nonsimple metals such as the A-15s
(V3Si, Nb,Ge), the transition metal dichalcogenides (TaS.,, WBSez, etc.), the
carbides and nitrides (NbC, etc.), the chevral phases (Pb Mg6 SS’ etc.) and
the tungsten bronzes (Na WO0.,) as well as some of the less "exoric" semi-
conductors such as hydrogenated amorphous S1 and Ge, etc.

BASTIC CONCEPTS WITH SOME APPLICATIONS

As pointed out above, the reduced dimensional nature of many of
the polymeric metals and semiconductors can enhance the importance
of internal coordinates in their description. 1In order to develop this
aspect of the picture further as well as make other points, let us consider
the quasi-one-dimensional semiconductor trans-(CH) . A single infinite strand
of this polymer is assumed to have either of the eﬁergetically degenerate
structures shown in Fig. 1 where the usage of the carbon single and double
band symbols indicates only that the two carbons participating in the '"double
bond" (C=C) are closer together than the two carbons participating in the
"single bond” (C-C).

Perhaps the simplest model (7) of this system that allows for an under-
standing of its behavior is partially generated by treating the carbon
m-electrons within a nearest neighbor tight-binding scheme so that the
Hamiltonian describing these electrons is

H=Zf en, + 'V, f (1)

ig © io ijo 1jaioajo’

+ 1o
where a, , a, are the usual creation and annihilation operators, respectively,

for electrons of spin o in the Wannier state centered at the site i1 and the
hopping integrals, V. ., are taken for simplicity as zero unless ilio> and the
nearest neighbors. é perimentally, trans-(CH)_ 1s found to be semiconducting.
This observation can be explained within the c8ntext of Eq. (1) by viewing
(CH) as a Pelerls distorted system (8) in which case the chain is dimerized
aloné the x-direction of Fig. 1, and the nearest neighbor hopping integrals
entering Eq. (1) will take on two values Vz, V, (with V2 > V.,) corresponding
to the carbon double and single bonds, respectively. 1In this case the density
of states (DOS) per site associated with Eq. (1) can be expressed as

>

272 2 2
" 17 V2 174V (2= D) (2)

1 lim, In(z-€0)/( ¥ ((z-¢ )% + V2
m €70 °

oo(E) = -

where Z = E + 1c and E is the energy. A graph of this DOS is shown in Fig. 2.
It is seen that the DOS exhibits a gap [E_ = 2(V2 - V,;)] at the Fermi-energy E
(separating occupied from unoccupied statés) consistent with the observed
semiconducting behavior. The physical basis for expecting such a Peierls dis-
tortion leading to V1 # V2 can be understood from Fig. 2 as well, since it is
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seen to lower the energy of the m-electron system from what is obtained if one
supposes V1 = V,, which leaves no gap in the DOS. This distortion and the
consequent T-eléctron energy lowering of course occurs at the expense of

the o-electron system, etc. which serves to stabilize it. However, it

will always occur (9) in one dimensional nonpathological models at low
temperatures due to the square root singularity that develops due to

the distortion. More explicitly for the present example, if we expand Vi as
Vi =V + au —uj) where u represents the displacement of the nth CH gréup
reiative to where it would sit in the yndimerized case and model the elastic
energy of the system as K (ui - ui+1) , then the dimerization will always

be energetically favorable for any o # 0. This however is not the case if we
introduce some three-dimensional character into the system associated with
crosslinking between chains, etc., which should smooth the square root singu-
larities shown in Fig. 2 and introduce a critical value of o below which the
distortion will no longer occur. Thus, we already see how the importance of
internal coordinates (in this example associated with nearest neighbor carbon-
carbon distances along the molecular symmetry direction of the chain) in
describing the electronic structure of a system can increase purely because

of decreasing dimensionality.

Consider now the role of internal coordinates assoclated with defects in
(CH) . Perhaps the simplest intrinsic defects that will exist in samples of
(CH)x are strained carbon-carbon bonds that arise because of mechanical con-
straints associated with the disordered nonstoichiometric nature of the
system. One can show that the DOS for a (CH)x chain described by Eq. (1) with
a single strained bond between the carbon atofis located at the sites i, j is

given by
2 - -
p(E) = po(E) - 2 1im Im V60 VA -V €450%44 3
T £%0 2 2 ’
V6, )" - (@ -V Cyy)

where V = VS -V j with Vi' the unperturbed hopping integ{al (either V. or V
depending on the position of sites 1, i), Gi = <i|[Z-H]_ |j> with H given by
1, the primes denote differentiation with respect to energy and po(E) is given
by Eq. (2). Localized states in the gap of Fig. 2 inEroduced bl this strained
bond occur at energies where the real part of [(Vq[i) -(1-VG, ,)"] vanishes.

If the strained bond is located where a double (single) carbon-carbon bond would
exist in the ideal system corresponding to a hopping integral V, (V.) and is
weaker than the ideal bond, i.e., V <V, (i.e. V <V.), then this condition is
always (never) satisfied. This resiilt“has a nuftber of important consequences.
First of all, as an aside, it can explain why one does not observe
experimentally a large number of states in the gap of (CH)_ close to

either the valence or conduction band edges associated with weakened

single bonds which are expected to exist in appreciable numbers in

the system and connect chain segments together so to produce pathways of
macroscopic dimensions. Secondly, and important to our present development,
is the result that an arbitrarily weakened (strengthened) double (single) bond
will generate two states (four if we include spin) in the gap located at co*Ep

ith =1 2 2 _ 2 _ 2 24 2
w Ep T (Vs +V1j /[(Vs Vij ) + 4V 5, 1}. This result is a consequence

of the one-dimensional nature of the system and related to the divergences in
the DOS that occur at *(V_,-V.) in the unperturbed system. In fact, introduction
of some three-dimensional”character into the problem will smear out these
divergences and introduce a lower bound in the magnitude of the strains capable
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of generating such gap states. Of course this bound will still be appreciably
lower than what would be appropriate for a strictly three-dimensional system.
The fact that such gap states are localized will enhance the effect of the
internal coordinates associated with them. Consider, e.g. a weakened carbon-
carbon double bond. As an approximation, we may consider the gap states
introduced by such a bond and 1located at €o+Ep, as simply the bonding and
antibonding levels associated with this weakened double bond. Now, as the
two carbon atoms participating in this bond are moved further apart they
interact less, i.e., V_ decreases and the splitting between the two levels is
decreased. In the limft V -0 no ppm bond is formed at all and the two states
approach the nonbonding pﬂsenergy €+
The above properties of weakened double bonds in (CH)_ can have many
important consequences. First of all such a weakened doubfe bond is expected
to act in (CH)_ as an efficient electron-hole recombination center exhibiting
a large non-radiative component and hence could account partially (10) for
the small photoluminescence efficiency in this system. How this can occur is
outlined schematically in Fig. 3. 1In panel (a) the DOS corresponding to the
ground state of the system in the presence of one weakened carbon double bond
is shown. Panel (b) shows the system immediately after an electron-hole pair
is created by the absorption of a photon of energy hv > E ap” Panel (c)
illustrates the achievement of quasi~equilibrium in the s%sgem through the
thermalization of the electron and hole to the antibonding and bonding states
associated with the strained bond. Next, panel (d) illustrates the spontaneous
weakening of the strained double bond accompanied by moving the two carbon
atoms participating in the bond apart so to reduce the energy of the electron-
hole pair. This process is accompanied by the emission of many phonons. It
is reasonable to expect that such a distortion can occur before the
radiative recombination of the electron-hole pair since a typical time scale
for it should be of the order of a lattice time, 10'13 sec, while a typical _
time before radiative recombination would occur should be of the order of 10
sec. Panel (e) represents the recombination of the electron-hole pair
accompanied by the emission of a photon with energy much less than that of
the initially absorbed photon. Finally, panel (f) represents the return of
the system to its ground state accompanied by the emission of many phonons.
It is noteworthy that the above assumes in effect that the electron and hole
are captured before any distortion occurs which would follow if they are
already bound together as an exciton. On the other hand if they were not
already bound together as an exciton one expects that first one particle
(either the electron or hole) would be captured. Then a distortion to lower
the energy of this particle before the other particle is captured (this
distrotion would in fact make the capture of the remaining particles even more
likely) and then another distortion to arrive at the situation of Fig. 3d.
The present and related processes may also account for the relatively low
quantum efficiency of (CH)_ photovoltaic devices for excitation energy
within 1 eV or so of E, ,“since such self-trapping effects can generate
efficient electron—holéagecombination centers when the concentration of
carriers is high as well as produce an enhanced electron-hole binding.
Furthermore, one would not expect in general that all electrons and holes were
captured in pairs and this could lead to a host of residual metastable effects
after the light is removed. For example, the electron can be captured at one
location and the hole at another and because of the distortion effects involved
become severely localized at these sites and hence only recombine after long
times. Such a picture is consistent with the rather persistent changes

8
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observed (11) in subsequent photoresponse of (CH)x heterojunctions after their
exposure to band gap radiation.

Actually most of the effects detailed above can be expected in (CH)
without the postulating of the pre-existance of strained bonds. For exa%ple,
because of the one-dimensional nature of this sytem the ideally Peierls dis-
torted system is the presence of an excited electron hole pair would be
expected to be unstable toward the spontaneous production of e.g. a weakened
carbon double bond. Concomitantly with the generation of this weakened
double bond phonons will be emitted associated with the self-trapping of the
electron-hole pair by/through the creation of the weakened bond.

These self-trapping ideas in the present system associated with internal
coordinates are not restricted to electron-hole pairs but will apply as well
to carriers introduced by doping. For example, in this vein a single
electron (hole) in the conduction (valence) band is expected to be unstable
toward the formation of a small polaron accompanied by a splitting off of
states from the continuum into the gap. Moreover, if the energy shift
accompanying this splitting is large enocugh to offset the Coulomb repulsion
between electrons (holes), these carriers should condense into bipolarons as
opposed to small polarons. Such a picture seems consistent with what is
known experimentally about the behavior of carriers introduced into (CH)
through doping. First of all, localized bipolarons are diamagnetic in X j
agreement with experimental results (12). Secondly, at low carrier densities €
bipolaron transport would be expected to occur through diffusive hopping as i
experimentally implied (13). Moreover, for a fixed impurity concentration
the number of such bipolarons should be independent of temperature as is indicated
(13) experimentally. Further, bipolaron formation would be expected (14) to
give rise to an activated conductivity with an activation energy that de-
creases with increasing carrier density, and this also is observed experi-
mentally. Finally, at low carrier densities bipolarons can be associated with
essentially any carbon-carbon double bond consistent with the relatively large
thermopower experimentally observed (13) in this limit. One should note that
the formation of small polarons as opposed to bipolarons would also be
consistent with the above experimental results if it were not for the lack of
any observed new local woments introduced by light doping. Further note that
the solitons suggested (7) by Su et al., are also consistent with the data
discussed above and may well represent lower-lying quasi-particles than
bipolarons or polarons. If this is the case, however, one might still
expect bipolaron or polaron formation as an initial step in the formation
of solitonms.

So far we have confined our discussion of the effects of internal
coordinates on nonsimple semiconductors to (CH) . It should by now be clear
that the concepts we have developed in this context should be applicable with
little alteration to other reduced dimensional semiconductors. In additionm,
these concepts are expected to be applicable to systems such as amorphous
carbon. In this instance one will not expect e.g. spontaneous self-trapping
of low energy electron-hole pairs in the pristine system, diamond. One
would, however, expect such effects in the corresponding disordered system
because of the presence of strained carbon-carbon bonds that introduce states
already localized in the energy gap which can shift due to distortions
according to their occupancy. Actually in this system there are many
additional interesting possibilities arising from self-consistent distortions
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(15) that can produce important metastabilities. Indeed, such effects may
account for the fact that some samples of amorphous carbon exhibit (16)

memory switching behavior. As an aside, because of the importance of internal
coordination in nonsimple semiconductors, one should always be alert to the
possibility of memory switching effects in these systems.

Up to this point we have only focused our attention on effects associated
with internal coordinates in nonsimple semiconductors. Let us now generalize
the discussion to nonsimple metals and semimetals. As discussed above, in the
context of bipolarons, internal coordinates associated with distortions, e.g.
at defects can give rise to an effective attractive (neg. U) interaction
between electrons in the vicinity of this defect. Such negative U centers,
when they exist, are expected to affect the normal state transport properties.
In collaboration with K. L. Ngai and C. S. Ting, I have studied this problem
in some detail and since the particulars will appear elsewhere (17), I will
simply quote the significant results here. In particular, we find that such
negative U centers when in contact with a Fermi-sea will produce a temperature
squared contribution to the normal state resistivity. This result may applg
to the polymeric metal (SN) which exhibits (18) a resistivity, ¢, with a T
component over a significan¥ temperature range. It may also apply to the
electroactive charge transfer salts which are found (19) to have a T®™ contri-
bution to p with (2 < n < 2.3). One should note though that in the case of
the organic transfer salts and (SN)_ , alternative explanations have been
proposed (18,19). Other nonsimple Metals show a T2 contribution to p as well
but we will not go into these here but rather refer the reader to Ref. 17 for
the details.

Another important result of our investigation of the effects of negative
U centers in nonsimple metals is the observation that the introduction of
such negative U centers can actually induce a superconducting state at low
temperature or enhance the transition temperature of an already super-
conducting material. A possible candidate for this effect is Pd which is not
in the stoichiometric form superconducting at temperatures as low as several
millidegrees Kelvin but becomes superconducting at temperatures up to 3°K
after being bombarded by helium atoms (20).

CONCLUDING REMARKS

Here I have pointed out why internal coordinates are expected to be important
ingredients in the description of nonsimple metals and semiconductors for
essentially three interconnected reasons. They are: (1) Many of these
systems are reduced dimensionally so that the effects of any fluctuations
associated with internal coordinates can be enhanced over what one would
expect in three-dimensional systems. (2) These systems are by and large less
crystalline than the more usual metals and semiconductors and hence one would
expect internal coordinates associated with strained bonds etc. to be
important in their description. (3) On the whole electrons and holes in
these systems would be expected to occupy states quite sensitive to changes in
the local enviromment of the electron or hole. Also, I have explored how such
internal coordinates can lead to, e.g. imporant effects 1in trans-(CH)
assoclated with self-trapping as well as produce anomolous temperature
dependencies in the resistivity of nonsimple metals.
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In conclusion, it should be noted that there are many other important
effects associated with the present class of internal coordinates not
detailed in this paper such as changes in the vibrational spectral after
photostimulation, etc.
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FURTHER CONSIDERATIONS ON "MOLECULAR" ELECTRONIC DEVICES

R

Forrest L. Carter
Surface Chemistry Branch
Chemistry Division

LT e, Y

INTRODUCTION

In looking ahead at problems and prospects of the NRL Electroactive

Polymer Program the possibility of the development of a "chemical"
computer was envisioned (1). As conceived, this computer would be based
on components (diodes, gates, etc.) with molecular dimensions, i.e.,
50 & to 500 X, and would be constructed along a three- rather than the
current two-dimensional architecture. Such a computer could provide a
quantum iump advance, in terms of both speed and switch element density
(e.g. 1012 per cm?), over both existing systems and those planned as

extensions of current semiconductor practice (2).

O PR T s on S U

It is worth noting here that the technology of both fabricating and
operating such a '"chemical” computer was sketched (1) as significantly
different from current approaches. For example, one method of fabri-
cating the computer might be through a series of computer-controlled
chemical reactions in which chemical functional groups are added on a
substrate one set at a time. Such a scheme is kin to the synthesis of
long chain polypeptides by the Merrifield technique (3). Recognition of
the difficulty of communicating with molecules suggests that input-output
functions of a chemical computer might be accomplished through a relatively
few surface-modified metal leads and a larger number of optical receptors
and highly oriented micro lasers (1).

While such a chemical computer and its adjuncts are in the con-
ceptual development stage, it is now clear that such a high density of
switches would have an enormous impact on much of technology. However,
interest based on a molecular device technology is justified not only as
a way to leapfrog the current VLSI semiconductor based approach but also
for the stimulus such an effort would give to numerous areas of chemistry,
physics and biology.

To provide a suitable starting point for considering the concept of
'molecular’' electronic devices, the next section of this paper will
present an updated listing of various signal-transport mechanisms
operating at the molecular level. Succeeding sections will discuss in
turn: Cooperative Particle Transfer; Control Groups for Periodic
Electron Tunnelling; Soliton Transport and 'Molecular' Adders;
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Insulating Layers and Molecular Spaghetti; and Chemical Memories.

Signal Transport Mechanisms

The flow of information or energy between molecules can occur by a
wide variety of ways, some of which are indicated in Table I, updated
from Table III of reference (1). The nature of the signal (or the
particle), the distance travelled, and the principle phenomena involved
are also suggested in Table I. The right most column further indicates
a method by which the signal flow can be switched off. TItems 1, 3, 4,

5, and 7 have been previously treated in the first EAP Annual Report (1).
Item 2 is an example of cooperative particle transfer and will be treated
next; to be followed by discussions of electron tunnelling in periodic
structures and the soliton phenomena, items 6 and 8.

Cooperative Particle Transfer

This new concept of signal transport depends on the collective
action of several molecules with the net result that a small particle
is "absorbed" at one site and a second particle is released some distance
away, 50 A or greater. In the example to be given both particles are
hydrogen atoms; schemes involving protons or hydride ions are also
plausible.

The plausibility of such an effect is suggested by the observa-
tion (4) that 7-azaindole exists as a hydrogen bonded dimer in moderately
dilute solutions in hexane and when excited at A = 260nm apparently
undergoes a double proton transfer as indicated below:

e
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Figure 1. In this proposed photostimulated cooperative mechanism, a
hydrogen 1is transferred from area A to area B via a series
of intermediate transfers which are primarily energy inde-
pendent. However, note that the end members 4~-azaindoles
are left in an excited state (*).
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Streak camera studies (5) of the fluoresrence spectra of the
1 excited states (*) on the right (a) indicate that the double proton
transfer takes place in less than five picoseconds. Apparently a
similar effect occurs when 7-azaindole is dissolved in alcohols for
which the corresponding state is illustrated above in (b).

Cooperative particle transfer can be illustrated as an extension
of the double proton transfer via the use of a special oligomer. In
Figure 1 we wish to transfer a hydrogen atom (proton) from area A at
the bottom to area B at the top. This is achieved upon photo-absorpticn
by the hydrogen transfer of the A hydrogen to the nitrogen in 4-azaindole
(I) at the bottom while hydrogens are cooperatively transferred by the
intervening tetra-azaindacene derivatives (II) to the moieties above.
As the top 4-azaindole moieties receive a hydrogen from the moiety
below it can give up its amine hydrogen, HB, in the 5-member ring to a
proton receiver in area B at the top. There are several points to note
in this example: (1) The 4 azaindoles on the right side of the equation
are both in an excited state (indicated by *) and normally would decay
rapidly. (2) The tetraazaindacene moieties (II) on both sides of Figure 1
are in a ground state in the absence of an electric field, i.e., the
proton transfer agent is bimodal with respect to hydrogen coordinate.
(3) Note also that the + charge in each IT moiety, which is balanced by
the anion A~ attached to the chain, has shifted by a distance d parallel
to the net proton transfer direction. The net charge motion per H is
then d* times the number of II moieties. This suggests that the entire
process could be controlled by the presence and strength of an electric
field as well as by the photon energy. (4) By proper choice of molecules
it is possible to both make the end members I and the intervening H
transfer molecules II very nearly bimodal and free of major charge
transfer; for example consider the three member ring system below in
two tautomeric states having a similar valence resonance form.

only I ~ l I
| H moﬂon N/

'u“
H

(5) Finally, we note that this system (Figure 1) transfers one H atom
that must be restored before it can transfer an H atom again; i.e.,
there is no net material flow.

There are of course several interesting theoretical questions, e.g.,
(1) in this cooperative particle transfer are all the H atoms transferred
simultaneously; or (2) how many members are necessary before the particles
are not transferred simultaneously; and (3) is this a fast multiple
particle tunnel or is it strongly mediated by phonon processes?
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Control Groups for Periodic Electron Tunnelling

In the first EAP Review (1) it was emphasized that an important
effect to be considered in the area of molecular electronics is the
tunnelling of electrons through periodic barriers. 1In a quasi-classical
approach, Pschenichnov (6) indicated that the transmission coefficient
for an electron through a set of periodic barriers was very close to 1.0
when the electron energy matched that of the pseudo-stationary (or

resonant) states in the wells (see Figure 2 and Figure 16 of Reference 1).

However, the transmission probability very sharply declined if it failed
to match one of those energies. Based on this idea, we then suggested

molecular analogues to the transistor-based NAND and NOR gates (Figure
17 of Reference 1).

In Figure 2 (top) we schematically indicate the transmission of an
electron through a series of four identical barriers. 1In the bottom of
Figure 2 we denote the molecular device as a body with three Control
Groups (CGi) that regulate the depth of the potential wells and hence
the pseudo-stationary state energies. 1In this case the Body is a semi-
conducting molecule with four built in potential barriers. Attached to

the opposite ends of the Body are the conducting molecular leads
indicated here by -(SN)x—.

What we want to emphasize here is the enormous variability that is
permitted by the concept of control groups based on molecular structure.
Four possibilities are indicated in Figure 3.

In the first, entitled "Charge Flow," the quaternary charged
nitrogen of the control group provides a potential well at the point of
attachment to the Body of the gate, If this + charged nitrogen is
neutralized by charge flow up the (SN) - chain then the pseudo-stationary
levels at that well would be dramatically altered and the switch would

be turned off, i.e., electron tunnelling through the Body would be
stopped.

In the second case the effect is of a smaller magnitude and arises
from the tautomerism associated with an enol-keto system. One method of
changing the dipole direction would be the application of an electric
field. If a tunnel Body contained several such enol-keto control groups,
the normal state of the switch would be "off" in the absence of an
electric field. This is because the rapid equilibration between the two
alternatives would quickly result in a randomization of dipole directions
along the Body. In fact, however, the direction of the dipole can be
controlled by using carbon rings of different sizes. 1In Figure 2, part
2, both rings have six carbons. If the ring furthest from the Body had
only five atoms, the enol-keto configuration to the right would be

preferred. Hence, this control group can be readily made with a built-
in bias.

The third example of a control group is intermediate between the
charge flow case and the enol-keto tautomerism of case 2 in terms of the
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ELECTRON PERIODIC TUNNELLING

and CONTROL GROUPS

—(SN); Body —(SN)i—

Figure 2.

]CGI CG:2 CGs

If the energy of the incoming particle matches precisely
that of the pseudo states then Pschenichnov (6) showed that
the transmission coefficient is 1.0. These pseudo-states,
however, can be changed by the Control Groups (CG) that are
attached to the body of the molecular device; such a change
would turn off the device (i.e. stop electron tunnelling) .
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distance the charge moves. In this case, photo-absorption shifts the
Plus charge of the quaternary nitrogen by ten atoms closer to tunnel
Body. The control group indicated here is modeled after the photochromic
probe 4~[p-(dipentylamino)styryl]-l-methylpyridinum iodide which has been
used by Loew, Scully, Simpson, and Waggoner (7) to detect membrane
formation. In this work (7) the probe functions by imbedding its
dipentylamino group in the hydrophobic portion of the membrane, etc.;

so situated, its absorption spectra becomes sensitive to the electric
field across the membrane,

For this case (3) many different zwitterionic or dye molecules
could have been used as examples of photo-activated control groups,
however, the one chosen is useful in that it also clearly indicates
bond distances change significantly during photo-stimulation.

Electron shift between metal atoms is offered as the fourth example
of a control group for a periodic tunnel body. This example is of
interest because it represents a very large class of possible control
groups. By the proper choice of metal atoms and ligands, it is possible
to develop either a bimodal ground state or a ground state and an
excited state as indicated in the fourth example. Further, the
separation between cations can be easily adjusted by the size of the
common ligand, here a 5,6 derivative of 2,3-diaminopyrazine. Such a
control group can be photo-activated or possibly driven by an electric
field. The final point is that the electron transfer rate involved in
the relaxation process can be varied by many orders of magnitude by the
proper choice of the common ligand. These complexes are an area of con-
siderable current interest; for further details the reader is referred
to the work of T, J. Meyer and H. Taube and their respective co-workers
(see references 8 and 9).

By the above four examples, we hope to have illustrated the enormous
variability possible in periodic tunnelling switches.

Soliton Transport and Molecular Adders

Soliton transport is a topic that is of interest to many theoretical
physicists and may make important contributions to signal transport in
biological systems. A soliton can be described as a solitary wave that
propagates without change of form or energy in a medium that is normally
dissipative. As such, a soliton is like a pseudo-particle having an
effective mass, an energy, and velocity. In developing the theory of the
concept for a polypeptide chain, Davydov and Kislukha (10) related local
distortions between groups and the electric dipole moment of the peptide
linkage parallel to the chain direction. The high stability of the
soliton has encouraged Davydov (11) to use it in explaining the high
efficiency with which the bond breaking energy of ATP in living systems
is transported along the a-helix. It is especially interesting that
this energy is only about four times that of thermal background.
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Radical as well as charged solitons are illustrated in Figure 4.
It should be noted that not only are solitons of a finite width, i.e.,
of a few monomer units, but that also a change of bonding often occurs
near the center of the soliton. 1In Figure 4a we see this in the radical
soliton in trans-polyacetylene where the dotted line indicates a bonding
intermediate between a single and double bond. This bonding disturbance
may involve more atoms than are indicated and is expected to have a
distributed impaired electron character, Note also that a phase
change in the single bond, double bond relationship occurs at the
soliton. This phase change or "kink" is characteristic of solitons.

A stylized version of the soliton is suggested in Figure 4b. The
f object is to suggest not only the motion of the soliton as a solitary
wave but also that the local disturbance and energy is maximized at the
soliton center.

A possible positively charged soliton in cis-polyacetylene is
suggested in Figure 4c. To the left we note that the double bonds are
in the horizontal plane while to the right of soliton or phase kink the
double bonds have a large vertical components. If there is any finite
‘ energy difference associated with this change in the double bond
: position, then it is likely that a soliton will not exist in such a case
as the total energy associated with the soliton would be very large, i.e.,
a small energy at the soliton center, and a very large amount dis-
tributed over the right half of the molecule (i.e., over a long distance).

B it

The difficulty in Figure 4c is however obviated in Figure 4d. Here
double bonding on both sides of the soliton occurs in both the horizontal v
and the vertical plane so that there is no net configurational energy g
difference between the left and the right sides of the chain. 1In this
positively charged soliton the figure is drawn as if the charge were
associated with the quaternary nitrogen only, which is unlikely. The
distribution of the positive charge between the nitrogen and the carbon
atoms as the soliton moves is an interesting theoretical question
beyond the scope of this brief survey.

A T it AN S B i

Figure 4e illustrates a negatively charged soliton in a conjugated
system containing a periodic array of thio-enol-keto groups. Note that
the central thio-enol-keto group contains a negative sulfur and an
excited H bonded to both neighboring sulfurs. As illustrated, not all
the enol-keto groups are similarly oriented (note the arrow directions).
This kind of situation suggests the possibility that a soliton transport
mechanism can be used as a counter or adder sensitive to the orienta-
tions of the dipoles along its path. While a soliton moves at a velocity
less than the velocity of sound in the chain, its velocity is dependent '
upon its energy (10). J

Since the soliton couples strongly with polymer dipoles that are
parallel to the propagation direction, it is concelvable that some
dipole directions might be reversed and the energy, hence velocity, of
the soliton would reflect this transformation. Generally, of course,

T
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dipole reversibility is not an expected phenomenon; however, in
situations as in the enol-~keto group it is not an unusual event at all.
If a soliton propagating down a linear polymer chain as in Figure 4e
can reverse the thio-enol-keto bonding arrangement in a reliable
manner, then by monitoring the soliton velocity or energy change one
has a measure of the dipoles reversed. 1In short, one has the essence
of a molecular adder.

As an example of a more near term soliton application, we note
that the motion of a soliton is less than the velocity of sound and
hence might be used as a delay line on the molecular scale.

Insulating Layers and Molecular Spaghetti

In a very interesting and instructive article entitled '"Molecular
Recognition and Self-Organization in Fluorinated Hydrocarbons,” F. H.
Stillinger and Z. Wasserman (12) demonstrated a principle that should
play an important role in the design and fabrication of the chemical
computer. The principle is that the various chemical components should
be so designed and assembled that the computer is largely self-organizing.

The authors demonstrated the self-organizing concept by looking at
the pair potentials for a family of saturated partially fluorinated
fused-ring hydrocarbons. For example, in Figure 5a we indicate
schematically perhydrocoronene which has twelve hydrogens on each side
which project normal to the general plane of the molecule. For each
side there are a total of 1376 different patterns that can result if
these twelve hydrogens are replaced by fluorine (i.e., by 0 to 12 F's).
One such possibility is indicated in Figure 5b while Figure 5c shows
what Stillinger and Wasserman call its "conjugate". 1If the pattern of
Figure 5b is indicated by A and is the top of one fluorinated
perhydrocoronene (FPHC) and Figure 5c is symbolized by A and is the
bottom of another FPHC, then the two can fit together perfectly. Such
a pair has a deep well in terms of its pair potential while face A with
any other FPHC has a very shallow pair potential curve, if a minimum
even exists, Now, since each FPHC has_two sides one could develop a
crystallized series like (F/A) (A/B) (B/C) (C/D) etc., where each face
A, B, or C is attracted only by its conjugate face, A, B, or C.

Consider now a substrate surface (either organic or inorganig) that
was very similar to A, call it A', and hence, a surface on which A
would be strongly attracted. Then by using a single solution containing
the mixed FPHC species (A/B), (B/C), (C/D), and (D/E) one could put down
an insulating layer on the A' substrate which was in this case exactly
four FPHC molecules thick and having a top surface specified by E. Such
a solution as we have just described might be termed a "pre-organized"
solution.

This possibility of engineering with relative weak pair potentials
while paying close attention to packing considerations provides a useful
step of fabrication beyond the Merrifield approach of molecule by
molecule buifldup.
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Conjugate Pairs for Perhydrocoronene

A A

O
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Figure 5.

°® o) ° o)
b. C.

The carbons in fully saturated perhydrocoronene have a
pleated sheet structure such that 12 C-H bonds project up,
12 C-H bonds project down and the remaining 12 C-H bonds are
horizontal. Figure 5b indicates a possible replacement
pattern of five fluorines for hydrogens that project up from
the molecular plane. Figure 5c is the corresponding con-
Jugate (12).
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By linking pairs of FPHC molecules together with an oxymethylene
bridge, the possibility of making microtubules was described (12) and
is indicated in F1guﬂe 6. This technique is, of course, an interesting
method of providing nolecular conducting filaments, like strands of (SN)
with an insulating steath. By preparing a pre-organized solution of
bridged FPHC pairs, the length of the "molecular spaghetti" could also
be determined in advance.

Chemical Memories

Given the possibility of "molecular" gates it is relatively easy to
devise sets of molecular components that together constitute a memory
element. However, it would seem desirable to devise a much smaller
memory element with a bimodal ground state. Two cases which come
rapidly to mind haveé already been considered as possible control groups
for periodic tunnelling switches, namely Figure 2, No. 2, the enol-keto
group and No. 4, thi electron shift between two transition metal atoms.
In the case of the enol-keto group, the direction of the dipole could be
associated information storage; in the case of the electron shift it
could be determined by which metal atom had the larger charge. However,
such a small system might not permit reading the information without
needing to restore it (i.e., non-permanent memory). What is needed is
a system with a different mechanism for storing and for reading the
information. '

In Figure 7 we propose such a bimodal memory which is based on the
premise that a chain system similar to the one below is possible:

—_ = ot — 3= — o+ 5= — -— —
—-B—kli—B -—PIJ—B—T—B—-T— B—T-B—M— 8—M—-B8—
—B——O'ALB—TL-B—?‘LB_T"_’B_?LB_T‘EB_TLB_

Ls Ls L3 Ls Ls Ls L

where M6 and N(S represent the metal or metalloid M in two gifferent

valence states, B a bridging ligand, L a ligand bonded to M6 and M ’
and L3, three suck ligands., Note that the bridging ligands B are closer

8 8
to M than to M . Thii suggests that forcing all the M6 -B bonds to

become longer and the M(S -B bonds to become shorter, the valence of all
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BISTABLE CHEMICAL MEMORY

Body

Figure 7. This proposed chemical memory element has two stationary
states determined by the Driver. In state changes, the

- +
bridging ligands move away from the M(S atoms toward the MG

atoms causing a valence switching between them. The memory
is read here by an electron periodic tunnelling device.
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the M‘S and M6 can be interchanged throughout the chain. That {s, the
valences and effective charges of the metal atoms M can be changed by a
relatively small adjustment of metal ligand M - B distances. This
valence change may involve an electron movement from one metal to its
neighbors or an internal electron shift from a valence bond orbital to
a localized state and vice versa.

In Figure 7 we show a chemical memory element which consists of (1)
a section of the chain just discussed formed into a ring; (2) a Driver
which is capable of interchanging the valence states of all the metals
M in the ring by controlling the valences of the two metals adjacent to
and joined to the driver; and (3) a Body of a periodic tunnelling switch,
which can readily read the valence state of the metal atom joined to it.
Note that the Driver is pictured+as stabilizing the valences of the two
attached metal atoms, M6 and M6 » by its + and - charge. 1If these
charges of the Driver were to be reversid, the adjacent metal atoms

would presumably respond by becoming M(S and M6 and this change would

be propagated completely around the ring. 1In such a system reading the
memory element should not destroy the memory contents of the ring. It

is also conceivable that a short section of linear chain could be used

instead of the ring: the ring, however, would appear to be more stable
and hence desirable.

SUMMARY g

In this report we have continued the conceptual development of the 1&
"chemical" computer based on "molecular" electronic devices. In

particular, we have (1) extended the concept of proton tunnelling in
hydrogen bond formations to the concept of cooperative particle transfer
via the experimental observation of a fast double proton transfer; (2)
provided a variety of control groups for periodic barrier tunnell ng;

(3) explored some of the implications of soliton signal transport and
indicated how it could be used as an adder; (4) emphasized the importance
of self-organization in chemical computer fabrication; and (5) suggested
a molecular memory element which can be independently set and read.

In so doing we hope that we have shown that the opportunity for
the use of the chemists' and physicists' imagination in the concept of
the chemical computer is virtually unlimited, as well as extremely
stimulating. H
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ION IMPLANTATION STUDIES ON (CH)x

D. C. Weber and P. Brant
Inorganic and Electrochemistry Branch
Chemistry Division

C. Carosella
Materials Modification Branch
Radiation Technology Division

INTRODUCTION

We have shown previously (1,2) that ion implantation can be used to
introduce dopant species into (CH) . In one case it appeared that the
dopant could be incorporated into the polymer film with little or no
observable damage to the (CH) . The samples exhibited increases in con-
ductivity but the exact reasons for these increases were not clearly under-
stood. Since that time, we have investigated the technique in greater detail
in an attempt to answer some of the questions raised in the initial work. We
present here the results of that study as well as new possible uses for
materials obtained. The work was primarily centered on the effects of
halogen implantation and also the possible effects of the ion beam damage.

EXPERIMENTAL

The experimental setup has been described elsewhere (2) for the implanta-
tion apparatus. During this past year, a new implanter has become operational
which is capable of much higher flux rates, enabling a faster sample throughput.

After implanting, the samples are analyzed via XPS for damage and the
conductivities measured by the 4-probe technique. Conductivities are expressed
as a ratio of the unimplanted vs. the implanted portion of each film to
minimize differences due to slightly different sample preparation and
sample handling. Table T gives the data obtained for the implanted samples.

RESULTS AND DISCUSSTON

Halogen Implantation

The halogens (F, C1, Br, I) were implanted into (CH)_ films at low
energies (v25 keV) to keep the implanted layer close to the surface for XPS
investigation. When comparing the conductivities of the implanted materials
with the conductivities of the corresponding vapor-doped films, the results
are quite interesting. Opposing trends were observed in conductivity of the
halogen series for the chemically doped vs. the ion implanted films. What is
significant in these trends is that for the ion implanted samples, the con-
ductivity tracks with the oxidation strength of the halogen atom used for
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implantation; whereas in the chemically doped species the property which
follows the conductivity most closely is the ability of th~ halogen to form
large polarizable counter ions of the oxidized polymer backbone. These
observations, we believe, can be used to gain insight into the conduction
processes in the polymers. Considering that the conductivity of a material
is directly proportional to the number of charge carriers and the mobility of
these carriers, one can relate the chemistry directly to these properties.

In the implanted materials, it appears that the major effect of the implanted
ions is to generate charge carriers in the polymer backbone by oxidation of
the chain. This would then give rise to an increase in conductivity based
solely on increased charge carriers.

In looking at the chemically doped materials, there is also present the
ability for oxidation of the chain giving rise t