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SYNOPSIS

Conducting composites consisting of polybithiophene and based on porous crosslinked
polystyrene as host polymer have been synthetized in the vicinity and above the percolation
threshold by oxidative polymerization with FeCl;. Electrical conductivity and thermoelectric
power measurements for different degrees of doping have been carried out in the temperature
range 80-300 K. The electrical conductivity variations are weakly thermally activated while
the thermoelectric power has metallic magnitude with positive sign and increases with
temperature. Conduction mechanisms are interpreted on the basis of an hopping model
involving bipolaronic clusters. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

Among the electrically conducting polyheterocycles,
polythiophene (PTh) exhibits several interesting
properties, among which are ease of preparation
procedure and relative conducting stability to at-
mospheric exposure.’”? PTh has been prepared by
both electrochemical polymerization® and chemical
polymerization,*® but the highly conducting PTh’s
have been obtained by the first synthesis method
with conductivities in the range 10~100 S cm . In
order to improve these mechanic features such as
processability and atmospheric stability, a number
of methods® have been suggested by combining
strong insulating materials with conducting poly-
heterocycles.

In this article we discuss about the electrical
properties of conducting polybithiophene-polysty-
rene (PBTh-PSt) composites chemically prepared.

EXPERIMENTAL RESULTS AND
DISCUSSION

Conducting polymer composites containing PBTh
have been synthetized by action of FeCl; solution
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on porous crosslinked PSt as host polymer initially
charged with 2-2'-bithiophene.” The composites
which are prepared according to this procedure are
environmentally rather stable and reach conductiv-
ities as high as 2 S/cm at room temperature. The
electrical conductivity was measured on thin sheets
of lightly and heavily doped PBTh-PSt composites.
The experimental dependence of the conductivity
versus the reciprocal temperature was tested in
temperature range 80-300 K with special care in
order to ensure good temperature stability for each
experimental point. The detailed description of the
thermoelectric power (TEP) measurement tech-
nique was published elsewhere.?

The effect of the FeCls/bithiophene molar ratio
() on the conductivity of the composites (a) is
shown in Figure 1. The conductivity variations re-
veal the formation of an electrical network of po-
lythiophene inside the composite and exhibit fea-
tures characteristic of percolation systems. Below
the percolation threshold which is found at about
vy == 0.3, the low conductivities must be attributed
to the low connectivities among the deposited po-
lythiophene domains. At high molar ratios of the
oxidant concentration to monomer concentration,
the formation of an electrical network of PTh in-
side the composite explain the high conductivity
values.
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Figure 1 Experimental variations of log ¢ vs. FeCl,/
bithiophene molar ratio. The percolation threshold is
reached for y, =~ 0.36.

The temperature dependence of the conductivity
was investigated for compounds with PTh content
in the vicinity and above the percolation threshold
(y = 2.08, 1.25, 0.83, 0.42, 0.25). The experimental
variations of log ¢ versus T""! are presented in Figure
2. The room-temperature conductivity for all sam-
ples studied depends strongly on the doping rate and
decreases from 2 S/cm for the highest polymerized
sample (y = 2.08) to 14.5 10 3 S/cm for the lowest
polymerized sample (y = 0.25). The experimental
variations are weakly thermally activated for all
compounds. The activation energy decreases as the
molar ratio y increases (nearly equal to 63 meV for
the less doped composite and 17 meV for the highly
doped one).

With regard to interpreting the transport prop-
erties obtained on conducting polymers, it is well
known that the experimental results are often fitted
in the frame of a hopping mechanism which obeys
the low ¢ = o4 exp[—( T/ T)'/] where the power
coefficient « may be 1, 2, 8, or 4.% In this work, all
experimental results have been interpreted on the
basis of the model which has been developed by
Bussac and Zuppiroli.!®!! This model involves
transverse bipolarons within polaronic clusters and
is based on the existence of an optimized T-depen-
dent size d of the polaronic cluster for easy hopping.
The electrical conductivity obeys a T2 law: o
~ exp [—(T,/T)"?]. This model has been con-
firmed by electrical conductivity and magnetores-
istance measurements carried out on polypyrrole
doped with the sulfonate centers of a polyelectrolyte
polymer. The term K (T, T')'/? where K designates
the Boltzmann constant is the hopping energy be-
tween clusters. T, reaches high value when the dop-
ing level decreases and is written as

_8U - 1)2G6 -~
To= (/6= 1?/G/6~3)

where U is the repulsion energy of two electrons
sitting at a distance a equal to the size of the mono-
mer. The term ¢ is the average distance between
dopants within clusters and § is the average distance
between dopants in the sample when an uniform
distribution without clusters is assumed.

The theoretical results obtained on PBTh-PSt
composites can be summarized as follows:

1. For the highest doped samples (y = 2.08 and
1.25), a careful exam of the log o versus 7!
dependence displays a quasi-linear dependence
in the high temperature range limit (respec-
tively 140-300 K and 160-300 K ), whereas in
the low temperature range (respectively 80—
135 K and 80-140 K), experimental variations
can be well fitted by a T'/? dependence. This
behavior can be explained in the frame of the
Zuppiroli model. When the temperature in-
creases, the optimized size d/a of polaronic
cluster for easy hopping reaches at 7, a value
(d/a), which corresponds to the minimal av-
erage size of the clusters and remains constant
at higher temperatures. So, the jump rate
W(d)" depends only on 1/7T above T;. Con-
sequently, in the low temperature range limit,
o, is written as ¢ = g, exp — (To/T)"?,
whereas ¢ = ¢, exp — (T'y/T') above T, where
KgT, is the hopping energy between clusters.
The terms Ty, 04, T4, o, are found to be nearly
equal to 507 K, 6.27 S/cm, 198.8 K, 3.74 S/
cm and 255 K, 2.29 S/cm, 174.4 K, 2.02 S/
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Figure 2 The log of the electrical conductivity vs. 7!
plots obtained on conducting PBTh-PSt composites with
different dopant concentrations. The theoretical variations
are drawn in full line.
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Table I Physical Parameters Deduced by the Fit for the Two Less-Doped PBTh—PSt Composites

T, To\ V2
0s €Xp | — T + T! gy €xXp _‘(7)
2
g T B oo To
(S cm™) (K) (K) (S em™) (K)
y =042 0.19 420 47 18 8570
y = 0.25 0.011 447 8.2 2.1 7880

cm, respectively for y = 2.08 and y = 1.25,
whereas the minimum clusters size ratio (d/
a), is found to be nearly equal to 12.5 and 12.1.
The limit temperature T, is found in the vi-
cinity of 140 and 150 K, respectively, for y
= 2.08 and y = 1.25.

2. In the case of the medium compound (y
= (0.83), the data are well fitted with « = 2 in
the all temperature range investigated. The
limit temperature T, exists but its value is
higher than the temperature reached in this
work. T, and o, are found to be nearly equal
to 503.8 K and 1.64 S/cm, respectively.

3. A slight discrepancy from the T"V? law is
found for the lower polythiophene contents (y
= 0.42 and 0.25) . In fact, it must be taken into
account the composite nature of the material
studied. Two predominant conduction mech-
anisms are assumed to be present: hopping be-
tween polaronic clusters in conducting poly-
mer domains and hopping between conducting
polymer domains separated by thin insulating
polystyrene barriers. So, two types of con-
ducting paths must be considered in the bulk

Br oo y=0.25
L J
L A y=042 o
of 4
o
T =
22t
2t
Bt
S
w2 -
6 ¢+

100
TEK) —=

Figure 3 Thermoelectric power variations vs. temper-

ature obtained on conducting PBTh-PSt composites with

different dopant concentrations. The theoretical variations

are drawn in full line.

of the material:

The first ones result from an electrical
network of polythiophene which connects
one end of the sample to the other and leads
toa T7'? law.

For the second type paths, the conduction
is mainly limited by the existence of thin in-
sulating polystyrene barriers. The electrical
conductivity results from fluctuation-induced
tunneling.!? It is written as ¢ = o,exp[— (T,'/
T + Ty'}] according to the parabolic barrier
approximation where the parameters 7"'; and
T'; depend upon the shape of the barrier in
the presence of an electric field, the electric
field which cancels the maximum value of the
potential, the tunneling constant, and the
tunnel junction volume.!®

Consequently, the overall conductance is on the
average made up of a sum of two conductances in
parallel which exhibit a different temperature de-
pendence. So, the experimental variations observed
on the lowest doped compounds are well fitted on
the whole temperature range investigated with ¢
given by oo exp[~(To/T)"*] + o, exp[—(T\'/T
+ T5")]. It should be emphasized that ¢, and o, in-
clude a geometrical factor and, consequently, the
two terms are only proportional to the electrical
conductivities. The values of the physical parame-
ters which give the best fit to the experimental curves
have been collected in Table 1.

Thermoelectric power measurements show that
the TEP is positive, very low, and varies quasi-lin-
early with temperature (Fig. 3). At room tempera-
ture, the TEP decreases from 32.5 uV/K to 10.7
uV /K, respectively for the less doped (y = 0.25)
and the highest doped sample (y = 2.08).

There is a strong contrast between the behavior
of thermoelectric power which is similar to a metallic
behavior and the characteristically nonmetallic be-
havior of the electrical conductivity. This apparently
conflicting behavior has also been seen in highly
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Table II Parameters Deduced by the Fit on the
Basis of an AT + B Law for Thermoelectric
Power Variations

S=AT+B
A B
Samples (uVK™?) (uV K™
y = 2.08 0.037 1.39
y =125 0.032 1.71
y = 0.83 0.033 2.97
y = 0.42 0.037 8.49
y = 0.25 0.108 0.09

doped polyacetylene!* and in polyvinyl alcohol-po-
lypyrrole composites,!® with resistivity being dom-
inated by insulating barriers and thermopower by
metallic regions between the barriers.

The experimental curves have been fitted on the
basis of an AT + B law where the “polaronic” con-
stant B term'® is associated to hopping mechanisms
between conducting clusters and to tunneling be-
tween conducting domains. The AT term is related
to the “metallic” conduction within the clusters. It
is found to be predominant because thermopower is
determined by the thermal gradient rather than the
electric potential gradient and, consequently, is less
affected by thin electrical barriers.

The parameters which have been deduced by the
fit are given in Table II.

CONCLUSION

It has been shown that the transport properties
in conducting PSt-PBTh composites chemically
polymerized are governed by hopping mechanisms.
A model involving transverse bipolarons within
polaronic clusters is considered for which hopping
between bipolaronic clusters is the dominantly
contributing mechanism to the electrical conduc-
tivity. The contribution of fluctuation-induced
tunneling through thin insulating polystyrene
barriers is required in order to fit the less doped

composites. The thermoelectric power of the PSt-
PBTh-FeCl; composite remains generally similar
to that in metals, with a tendency to increase in
magnitude when the molar ratio y decreases. It is
assumed that the TEP results essentially reflect
the “metallic”’ conduction mechanisms within the
clusters.
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