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CORRELATION BETWEEN PI-ORBITAL OVERLAP AND  CONDUCTIVITY

BIS-PHTHALOCYANINATO LANTHANIDES.
JUAN PADILLA’ and WILLIAM E. HATFIECLD

Department of Chemistrv. IMmiversity of North Jarocina 2t chaee!

Heltl, Chapel Hill, N.C. 27529-3290, U.S. 4.

ARSTRACT

Conductivity measurements on praseodymiun, neodymitim,
gadolinium, holmium, erbium, and lutetium phthalocyanine sandwich
compounds of the general formula H[M(Pc)2] taken with both D..
and A.C. techniques on pressed pellet samples show a direct
correlation with the intraplanar separation between the
phthalocyanine ligands.

Conductivity measurements on the iodine-doped

], show au average

bis-phthalocyaninato lanthanides, H[M(Pc),)IX

increase of four orders of magnitude when measured with D.C.
techniques, and two orders of magnitude when measured with A.C.
techniques.

The high-temperature conductivity behavior may be explained
by using the mobility model. The low-temperature data show hopping

conduction behavior.

X
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INTRODUCTION

Shortly after the bis-phthalocyaninato lanthanide sandwich
compounds were synthesized {11, electrical resistivity
measurements were carried out [2]. After partial oxidation with
iodine, like their transition metal analogues [3], they show a
substantial decrease in electrical resistivity. However,
discrepancies as large as five orders of magnitude in the
resistivity values reported by different authors for the same

compound are found in the literature (&4-9].

There are possible explanations to account for the
discrepancies: (i) It is difficult to control the purity of tne
samples; the impurities include dopants, defects, vacancies, and
grain boundaries. (ii) Ambient conditions, especially while the
measurements are been taken, play a major role. (iii) Different
authors have used different techniques to measure the

conductivities (two-probe technique versus four-probe technique).
For the above reasons, it has not been possible to find

£

ty

correlations between the electrical properties

bis-phthalocyaninato 1lanthanide sandwich compounds and their
structural features. It is clear, however, that in order to make
meaningful comparisons, it is essential that systematic
measurements be made on a series of compounds prepared under the
same conditions. Therefore, we have measured the electrical
resistivities of praseodymium, neodymium, gadolinium, holmium,
erbium, and lutetium phthalocyanines, and their iodine-doped
analogues throughout the 20-300 K range, using D.C. and A4.C.
techniques. To avoid adsorption of gases, the resistivities of all

the samples were measured under vacuum [10].




EXFERIMENTAL

The samples were synthesized as published in & preiiminary
communication [1@]. The =lectrical resistivitises were meazured  on
pellets, and they were checked for cracks under a micrasccops  to
asgure integrity. valdss (11] and Van der Fauw's {12} techniguss
used, and equivalent results were obrtainsed with Loty merhods.

With the Valdes technique the electrical connecticn was
accomplished with four equally spaced spring-lcaded electrodes:
unfortunatsly, at low temperatures, the pellets become rigid and
brittle, plus thev tend to contract. As a consequence. dus to the

lectrodes, the pelli=tz

pressure exerted by the spring-lcaded

1y

crack rather easily. For this reascn, the resistivitv measurements
reported on this study are the ones obtained wusing the Van der
Pauw technique.

. The A.C. resistivity measurements were taken on the same
pellets used for D.C. measurements. After carefully pulling out
the four probes, both sides of the pellets were covered Wwith a
thin film of silver paste, and the paste was allcusd tco  dry
completely. Afterwards, the pellets were mounted between two

square platinum electrodes of approximately the same sic ot the

M

pellets. The temperature dependence measurements were taken at o

KkHz.

RESULTS AND DISCUSSION

Room Temperature Resistivities.

The trend observed in the room temperature resistivities ftor

undoped btis-phthalocyaninato lanthanides is (Table 1;:

(™)




o{(Pr) > p(Nd) > p(Gd} > p(Ho) = p(Er) > po(Lu)
which is the same trend observed for the 1ionic radii of the
respective lanthanide, i.e., as the ionic radius decreases, the
resistivity decreases as well. This relationship had not been
pointed out before because of the lack of a systematic study of a
series of sandwich lanthanide phthalocyanines, prepared and
measured undexr the same conditions.

When the ionic radius decreases, the separation distance
between the phthalocyanine macrocycles also decreases, favoring a
greater overlap between the m-orbitals of both macreccycles. This
result is significant because it strongly suggests that the
overlap of m-orbitals plays a major role in the resistivity
behavior.

In addition, this finding indirectly provides an explanation
for the enhanced conductivity of lanthanide phthalocyanines with
respect to their transition metal analogues. For example, nickel
phthalocyanine shows a room temperature resistivity of 1012 Q cm
[14]. As shown in Table 2, the closest intermolecular distance
between adjacent molecules in the lattice is 3.38 A [15]. By
contrast, in lanthanide phthalocyanines, the lanthanide ion keeps
the two macrocyclic rings closer together, which results in
shorter intramolecular distances.

Thus far, there is no evidence that points to the 1lanthanide
ion as directly responsible for the enhanced conductivity. For
example, the metal-free phthalocyanine shows a room temperature
resistivity of about 1012 Qcm [141, gquite similar to typical
transition metal phthaloccyanines, and so it has been argued that

the transport of charge carriers is through the ligands, and not




through the metal ions.

When the <resistivity of lanthanide phthalocvanines 1is
measured by using A.C. techniques (Table 3), the trend observed 1is
essentially the same found for D.C. resistivities:

o(Pr) = p(Nd) > o(Gd) > p(Ho) = o(Er) > o(Lu)
The values however differ as much as two orders of magnitude. In

general, A.C. resistivities are not equal to D.C. resistivities.

t

There are several competing factors that may affect the rasults
In A.C. techniques, the resultant current-flow depends not onlv on
the resistance of the sample, but also on the capacitance. The
A.C. resistivity equals the D.C. resistivity when the impedance cf
the sample is purely resistive. This condition is met when the
reactance is zero. If this were the only factor, the A4.C.
resistivity would always be greater than the D.C. resistivity.

On the other hand, A.C. techniques have the advantage of
eliminating certain resistances at the contacts between particles,
because such resistances, if large, are electrically shorted by
the capacitance of the contacts [211].

Compared with the undoped samples, iodine-doped lanthanide
phthalocyanines show an average of four orders of magnitude
decrease in resistivity when measured by wusing D.C. techniques,
and an average of two orders of magnitude decrease by using A.C.
techniques. However, the same trends are not observed with the
undoped materials because the doping level is not the same for all
the compounds studied here, even though the same molar ratiocs were
used during the preparations.

Although it is not possible to compare the resistivities of

undoped and iodine-doped lanthanide phthalocyanines, because of




the difficulty of doping them by the same amount, the trend

-
@]

observed between D.C. and B.C. resistivities for doped samples
essentially the same:

2(Gd) > p(Er) > p(Pr) > po(Lu) = o(Nd) > ol(Ho)

1
44

This is not an unexpected result since the A.C. measurements wer
carried out on the same pellets used for D.C. measurements.

Low Temperature Resistivities.

The low-temperature resistivity data were collected through
the entire range (20-300 K) only for iodine-doped lanthanide
phthalocyanines. For undoped samples, the resistivity at low
temperatures increases beyond the voltage compliance limit of the
current source used, and it was not possible to heold a constant
current. Therefore, only the temperature-dependence of doped
samples will be analyzed here.

The temperature dependence of the resistivity for
iodine-doped lanthanide phthalocyanines may be evplainad
qualitatively according to the theory for deped semiconductors.

Lt low temperatures most of the electronic properties of
semiconductors a:= determined by impurities. The iocdine may ¢Gte
considered as an impurity acting as a p-type acceptor that creates
a narrow band of acceptor levels. In a p-type semiconductor, these
levels are close to the top of the wvalence band. Thus, the iodine
content dJdetermines the number of acceptor levels and the
temperature behavior of extrinsic conduction.

The acceptor impurity may be comparatively easily ionized by
accepting one electron from the valence band, leaving a positive
charge (hole) on the phthalnrvanine molecule !{clectron donor

species). These holes may then participate in transport processes




while the impurity centers become negatively charged. If the
impurity concentration is not large, electrons may be captured Lv
the valence band at sufficiently low temperatures, and the chargs
neutralized (the soc-called "freezing-out" of conduchior Carrier:
[221).

The most important characteristic of a p-type impurity iz 1*:=

electron affinity, i.e., the energy necessary tc move cne electraon

(

from the valence band to the acceptor level. The "frezsze--ur”
temperature is mainly determined by this energy.

At high temperatures, semiconductors possess an  intrinsi

[

1]
4
{n

electrical conductivity due to thermal activaticn of carri

1]

across the zap separating the valence and the conduction band

The intrinsic carrier concentration of holes are exponential

functions of temperature.

Due to the large activation energy, the intrinsic carrier
concentration decreases very rapidly with temperature. At
sufficiently low temperatures it becomes less than the
concentration contributed by impurities. In this region, *he

conduction is entirely determined by the nature and coacentration
of impurities.

Figure 1 shows the inverse temperature dependence ¢t the
resistivity of iodine-doped praseodymium phthalocyanine. Four
separate regions, labeled A, B, C, and D are seen, as 1is the
case for iodine-doped gadolinium pnthalocyanine, but the other
samples show only two or three well-defined regions.

The temperature range R, with the slope nearly vertical,
corresponds to intrinsic conduction, while 1ranges B, €, and D

correspond to extrinsic conduction. When dealing with shallow




impurities whose ionization energy is much leower than the  erer

bR

b

gap, there exists a saturation range, B, in which =21 =n
impurities are ionized, and hence the carrier concentraticon in tns

band is independent of temperature. In this ranze, the ftemperatrs

e

dependence of the resistivity is entirely detevrmined Ly +hat o

the mobility, and the decrease in resistiwvity with a lowering r
the temperature is associated with a weaker rphencon scatterin:
(221

A further decrease in temperature {(range ! lezads *: Y
gradual freezing-cut of impurity electrons, 1.e., they ars
recaptured by the valence band. In this regiocn, the *emperzture
dependence of the electrical resistivity is entirely due to 3

rapid decrease 1in the free electron concentration. The temperaturs
dependence of the concentration in this region depends o<n the
relation between the number of empty donor positions due to
compensation, and the number o»f empty positions due to thermal
excitation of electrons into the acceptor levels [22].

Range C 1is generally narrow, and does not exist at all unle=z:z
the compensation 1is low enough. Experimentally, only praseocdymium
and gadolinium phthalocyanines show a well-defined regicn C. These
two compounds are precisely the ones with the lowest compensation.

The gradual freezing-out of conduction electrons with
decreasing temperature eventually leads to a situation in which
the main contribution to the electrical conductivity comes from
electrons hopping directly in the acceptor levels without any
excursion to the conduction band (range D). Electrons Jjump from

occupied acceptors to empty ones, and therefore the presence of

empty positions on acceptors is a necessary condition. At low




temperatures, this condition can be fulfilled nly oy
compensation.

The hopping mechanism of conduction correspconds ®o a very Low
mobility, since the electron jumps are associated with 2 wesis
overlap of wavefunctions tails from neizhboring EYalel=) chalubatcii
Nevertheless, this mechanism prevails in the competition with barnl
conduction because only an exponentially small number of fra=
carriers can participate in the latter.

High Temperature Fittings.

H
(]

The high-temperature behavior of the resistivity c¢f =

{0}
{u
9

it

semiconductors may be explained using the mobility equaticon,
el Co n M, where o is the resistivity, CO 1s a proper*ticnality
constant, » is the concentration of charge carriers, and « is *the

mcbility of charge carriers.

The mobility model has been used to explain the
high-temperature behavior of a variety of inorganic and organic
low-dimensional materials, such as tetracvanoplatinates (P!
{231, N-methylphenazinium-tetracyanoquinodimethane (NMP-TCNG |

(241, quinolinium-(TCNQ)2 [25], tetrathiofulvalene (TTF) halides
{261, pseudohalides [27], and octamethyltetrabenzoporphyrins [281.

The high-temperature experimental data of iodine-doped
lanthanide phthalocyanines were fitted to the mobility equaticn

using a non-linear Simplex fitting routine [29]. The best-fit

parameters are listed in Table 4. It 1is impo.cant to emphasice
that only the high-temperature data were fitted since the

low-temperature resistivity follows a different conducticn

mechanism. The values obtained for the energy gaps are quite

comparable to those found in the literature [2,6,7]. The values




for the parameter & are similar to those found in low-dimensional
materials. For example, typical values for TCNQ salts are around
1.8 [301.

Low Temperature Behavior

There are two mechanisms that have been proposed to explain
the low-temperature behavior of doped semiconductors; namelvy,
tunneling [14), and hopping (31].

Tunneling is a <gquan*um mechanical phenomenon in which a
charge carrier passes through a potential barrier witheout
acquiring enouzh energy to pass over the top of the barrier. At
the absolute zero of temperature, the hopping probability is zero;
any charge transfer then must o¢ccur by tunnelling. BAs the
temperature is raised the tunnelling probability, which is
virtually temperature independent, remains substantially constant
while the hopping probability, being a thermally activated
process, increases exXponentially {301].

Hopping occurs when a charge carrier jumps over the potential
barrier that separates two molecules, wvia an activated state.
Experimental evidence for thermally activated hopping has been
deduced for several TCNQ complexes [32,33}. Charge carriers can
hop iscenergetically from one site to another only if the energy
levels on both sides of the intervening potential barrier coincide
{30]; this is made possible by thermal fluctuations, leading to a
decreasing activation energy as the temperature drops [34,35].

Attempts to fit the resistivity data to Mott's law [36] were
not satisfactory. One of the reasons is that the low-temperature
hopping behavior can be strongly affected by various effects, such

as electron-electron correlation, or long-range potential

10




fluctuations [31]. The hopping equation rests upon the
one-electron approximation. However, electron-electron
interactions may also be important in disordered systems. For
instance, in impurity bands the electron-electron interaction
energy is of the order of the disorder energy, except for very
large and very small compensations [22,31]. The icdine-doped
lanthanide phthalocyanines prepared in this study do not have
either a very 1large or very small compensations, but the
compensation 1s at an intermediate level, and =t the
electron-electron interaction cannot be neglected. Unfortunately,
the problem of taking into account the electron-electron
interaction 1is very difficult, and it cannot be solved
analytically in general (22,31].

On the other hand, long-range potential fluctuations may b=
calculated with the help of a self-consistent field method, which
is not applicable to the intermediate compensation problem
{221. Currently, the only approcach to tackle this problem 1is
through computer simulations of the impurity band, but that goes
beyond the scope of this work.

Conclusions

A definite correlation has been found between the electrical
resistivities of sandwich-like lanthanide phthalocyanines of the

general formula HI[M(Pc),] and their structural features. In

2
particular, it has been found that the trends in resistivities are
correlated with the intra-ring spacing between phthalocyanine
rings, but the problem of the correlation of conductivity

properties with +the inter-ring spacing can not be addressed

because of a 1lack of adequate experimental structural data,

11




although the limited data avalilable suggest that & =©r=snl 13

emerging.

The low-temperature data 1ndicate that hopplng <onduction
occurs at very 1low  temperaturss, as e=evidenced by tThe =TrInz
dependence of the specitic resistivity on the dcpant

=

concentration, and the weak dependence on temp=srat
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Captions for the tables.

Table 1. Room temperature D.C. electrical resistivities for

lanthanide phthalocyanines.

Table 2. Room temperature D.C. resistivities and interplanar

spacings for a series of phthalocyanines.

Table 3. Room temperature A.C. electrical resistivities for
the lanthanide phthalocvyanines.
Table 4. Best-fit parameters for iodine~-doped lanthanide

phthalocyanines using the mobility equation.
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Caption for the figure.

Figure 1. Plot of the resistivity versus

H(Pc)Pr(Pc)Il -, under D.C. conditions.

<

Range A = intrinsic conduction
Range B = saturation

Range C = freezing-out

Range D = hopping conduction.

16

1000/temperature

(2}

O




DL/1113/89/1

TECHNICAL REPORT DISTRIBUTION LIST, GENERAL

No. No.

Copies Copies

Office of Naval Research 3 Dr. Ronald L. Atkins 1
Chemistry Division, Code 1113 Chemistry Division (Code 385)
800 North Quincy Street Naval Weapons Center
Arlington, VA 22217-5000 China Lake, CA 93555-6001
Commanding Officer 1 Chief of Naval Research 1
Naval Weapons Support Center Special Assistant
Attn: Dr. Bernard E. Douda for Marine Corps Matters
Crane, IN 47522-5050 Code 00MC

800 North Quincy Street
Dr. Richard W. Drisko 1 Arlington. VA 22217-5000
Naval Civil Engineering Laboratory
Code L52 Dr. Bernadette Eichinger 1
Port Hueneme, California 93043 Naval Ship Systems

Engineering Station

Defense Technical Information Center 2 Code 053
Building 5, Cameron Station high Philadelphia Naval Base
Alexandria, Virginia 22314 quality Philadelphia, PA 19112
David Taylor Research Center 1 Dr. Sachio Yamamoto 1
Dr. Eugene C, Fischer Naval Ocean Systems Center
Annapolis, MD 21402-5067 Code 52

San Diego, CA 92152-5000
Dr, James S. Murday 1
Chemistry Division, Code 6100 David Taylor Research Center 1
Naval Research Laboratory Dr. Harold H. Singerman
Washington, D.C. 20375-5000 Annapolis, MD 21402-5067

ATTN: Code 283




ORGANOELEMENT CHEMISTRY - Distribution List

Professor 0. T, Beachley, Jr.
Department of Chemistry
State University of New York
Buffalo, NY 14214

R&T Code 4135002

Professor Herbert C. Brown
Purdue University
Department of Chemistry
West Lafayette, IN 47907
R&T Code 4135011

Professor Steven L Buchwald
Department of Chemistry
Massachusetts Institute of Technology
Cambridge, MA 02139

R&T Code 4135014

Professor William E. Hatfield
Department of Chemistry
University of North Carolina
Chapel Hill, NC 27514

R&T Code 4135007

Professor M. Frederick Hawthorne
Department of Chemistry

405 Hilgard Avenue
University of California

Los Angeles, CA 90024

R&T Code 4135004

Professor Robert H. Neilson
Department of Chemistry
Texas Christian University
Fort Worth, TX 76843

R&T Code 4135005

Professor Kurt Niedenzu
Department of Chemistry
University of Kentucky
Lexington, KY 40506

R&T Code 4135003 .

Professor Richard L. Wells
Department of Chemistry
Duke University

Durham, NC 27706

R&T Code 4135008




