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We present electronic transport studies of the aging process in naphtalene–sulfonate-doped polypyrrole.
They includein situconductivity measurements as a function of the aging time up to 1 month, and conductivity
and thermoelectric power measurements in the temperature range 300–15 K for different aging times at 120 °C
in room atmosphere. We show that while the short-aging-time decay of the conductivity may be accounted for
by a law of the types02s(ta)}Ata, the long-aging-time evolution is well described by a stretched exponen-
tial, s5s0exp@2~ta/t!1/2#. Moreover, two distinct temperature dependences have been identified:~i!
s5s0exp@2(T0/T)

1/2# for aged samples and~ii ! s5s0exp@2T1/T1T0# for as-synthesized or lightly aged
samples. The thermal variation of the thermoelectric power can be described by the following law:S(T)
5AT1B1C/T, where the relative weight of the linear term,A, appears to be a decreasing function of the
aging time. All the results are comprehensively explained in terms of conducting grains separated by insulating
barriers in which the conduction is controlled by a hopping process of the charge carriers between the grains.
The aging phenomenon is found to consist of a decrease of the grain size, in parallel with a broadening of the
barriers, as in a corrosion process. As the aging time increases, the size of the conducting grains decreases and
then goes below a critical value that is responsible for a crossover in the transport mechanism and therefore in
the time dependence of the conductivity as experimentally observed. In the aged samples, this model leads to
the existence of a single expression that accounts for both the temperature and the aging-time dependences of
the conductivity, i.e., lns(ta ,T)}2(ta/T)

1/2.

I. INTRODUCTION

In the past decade, electronic conducting polymers have
attracted extensive interest in both fundamental and applied
research. Some technological applications developed at
present use among others the transport properties of these
materials. But, till now, there has been no widespread agree-
ment on the relevant models used to describe the prevailing
conduction mechanism. On the one hand, very ordered struc-
tures like highly oriented and stretched polyacetylene or
polyaniline exhibit a negative temperature coefficient and
very high conductivities~s.102 S/cm and up to 105

S/cm!.1,2 On the other hand, in most polypyrroles, poly-
thiophenes, and polyanilines, the conductivity is lower than
100 S/cm and its temperature dependence generally follows
the typical law

s5s0expF2S T0T D aG .
Such behavior is characteristic of strongly disordered sys-

tems in which conduction proceeds through hopping. How-

ever, different models lead to such a functional dependence,
while they are based on rather different microscopic pictures
of the material. Nevertheless, the value ofa is considered to
provide some information about the conduction mechanism
and it is the first criterion to discriminate among the models.
The use of the three-dimensional variable-range-hopping
model proposed by Mott3 with a51

4 is in keeping with a long
tradition. For the casea51

2, the most commonly invoked
descriptions are either hopping with a Coulomb gap,4 or
quasi-one-dimensional~1D! variable-range hopping,5 or
charging-energy-limited tunneling and related models.6–8

But at present, the issue remains open and the understanding
of the relative influence on macroscopic properties of the 1D
structure and of the disorder, which is present at every scale
of the structure~defects on the chains, heterogeneities in the
doping distribution!, is far from being complete. Moreover,
several works have been devoted to the theoretical search of
other microscopic pictures leading to intermediate
exponents.9 Such a great variety of theoretical approaches
reflects the wide range of phenomena involved in electroni-
cally conducting polymers. Actually, the transport process
may differ from one polymer to another, as well as from one
sample to another, according to the preparation method.
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The wide range of applications of conducting polymers,
including antistatic agents, conducting coatings, energy stor-
age, or nonlinear optics, would greatly benefit from a deeper
understanding of the transport mechanisms and of their evo-
lution with time, since successful devices require long-term
stability. Among the different materials, polypyrrole, doped
with various dopants, shows a greater stability as compared
to polyacetylene but at the present time, the conduction prop-
erties are still limited by structural and chemical disorder.

The continuous and irreversible conductivity degradation
observed during thermal aging experiments has been exten-
sively investigated.10–15The common feature of these studies
is that the key factor explaining the conductivity decrease is
supposed to be a degradation reaction which would be lim-
ited by oxygen diffusion or described by a first-order kinet-
ics. These approaches can explain some of the observed data
but they fail to represent the conductivity changes on large
time scales and at elevated aging temperatures. In fact, all
those descriptions do not rely on a deep and complete under-
standing of the underlying microscopic processes but they
are based upon the assumption that the conductivity is some-
how linearly related to the defect concentration that increases
with chemical or structural disorder. In the light of the
present knowledge on the electronic properties of conducting
polymers, such a hypothesis appears as very oversimplified.
As previously reported, the electronic transport is generally
governed by hopping, which leads to a more complicated
dependence.

Thus, in order to discriminate among the various models,
and specify the appropriate picture standing for our samples
of polypyrrole, we took advantage of aging experiments
which allow a controlled introduction of defects.In situ con-
ductivity measurements both as a function of time for several
aging temperatures and as a function of temperature for dif-
ferent aging times were combined. Special attention was paid
to the effects of long aging times. We have also studied the
evolution of the temperature dependence of the thermoelec-
tric power as a function of aging. We show here that it is
essential to take all these dependences into account to
achieve a rather complete understanding of both the conduc-
tion process and the aging phenomenon and to determine
which parameters control the transport properties decrease.

In particular, we demonstrate the existence of two limiting
transport processes corresponding to long and short aging
times and a continuous change from one to the other with
aging and, thus, with the increasing structural disorder. The
data can be interpreted in terms of conducting grains sepa-
rated by insulating barriers. We show that such an unusual
picture in which the conduction is controlled by charge car-
rier hopping between the grains succeeds in explaining all
the results by means of only one adjustable parameter,
namely, the grain sized, and to reconcile old10–15and more
recent experimental data.16 It appears that aging results in a
decrease ofd, as in a corrosion process, in such a way that,
with increasing time, it becomes smaller than a critical value
which is responsible for a change in the conduction mecha-
nism and therefore for the existence of short- and long-
aging-time behaviors of the material.

This paper is organized as follows. After experimental
details about the samples in Sec. II, the data we have ob-
tained for the time dependence ofs, the temperature depen-

dence ofs, and the temperature dependence of thermopower
are reported and analyzed in Secs. III to V, respectively. As
two different behaviors emerge for the transport properties
according to the aging time, the discussion of the results as
well as their interpretation in the framework of the conduct-
ing grain picture are presented in Sec. VI in two separate
parts, i.e., VI A, short aging times and VI B, long aging
times.

II. SAMPLE PREPARATION

The samples used for this study were either polypyrrole
coatings on various textiles~polyester, glass fibers, Kevlar!,
or polypyrrole powder pressed in the form of pellets, or even
electrochemically synthesized polypyrrole films. The powder
and film synthesis using standard preparation methods are
detailed in Ref. 10. With regard to the polypyrrole coatings,
they were synthesized following a one-step or a two-step
procedure. In the one-step synthesis, after a cleaning treat-
ment, the fabric is immersed in a polymerization solution
~0.1 M FeCl314.331022 M pyrrole! at 5–7 °C for 6 h with-
out agitation. The fabric was then rinsed with water and
dried with warm air. In the two-step synthesis, the fabric was
impregnated with a 0.6-M pyrrole solution in ethanol and
then immersed in a 2.4-M FeCl3 aqueous solution for 15 min
at ambient temperature under soft agitation. The dopants
have always been chosen among those ensuring the best con-
ductivities and stabilities such as toluene sulfonate, naphtal-
ene sulfonate, or hydroxy-benzene-sulfonate. The molar ratio
of dopant/pyrrole was equal to 0.3.

We have found exactly the same functional dependence of
the conductivity with the aging time in all those samples,
with of course numerical factors depending on the sample.
Our findings appear to be independent of either the type of
the synthesis or the nature of the dopant, or even of the
physical form of the dopant. Therefore, we here focus on a
chemically synthesized polypyrrole~PPY! deposited on a
polyester fabric, and doped with naphtalene-2 sulfonate
~ANS2!. The thickness of the polypyrrole coating was in the
range 1–3 mm. The analytical formula as determined
by ESCA and chemical analysis was~C4H3N!,
~C10H7SO3

12!0.28, ~FeCl4
12!0.02, ~H2O!0.5, Cl«

12, ~SO4
22!« .

III. CONDUCTIVITY VERSUS AGING TIME

The aging experiments were performed in a thermally
regulated chamber at temperaturesTa5140, 120, 100, and
80 °C for durations up to 1 month. The samples were ex-
posed to room atmosphere, which means that we are dealing
with an aging process in the presence of both oxygen and
water vapor. The conductivity change was continuously
monitored, in situ, by conventional four-contact methods.
The raw data are reported in Fig. 1 where the sample resis-
tance is plotted versus the aging timeta , in linear scales. The
relative decrease of the conductivityDs/s is presented in
Fig. 2 as a function of the square root of the aging time. Our
data are very similar to results already reported. Such a de-
cay is often accounted for by diffusion-controlled
kinetics.10–14 In such models,Ds is supposed to be propor-
tional to the amount of oxygen absorbed and to the density of
conductive paths disrupted by the attachment of oxygen at-
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oms. The relative decrease of the conductivity is thus ex-
pected to vary ast1/2. As shown in Fig. 2, this kinetic law
gives a rather good description at the very beginning of the
thermal treatment where it leads to a straight line. It lasts
during time scales significantly longer at low aging tempera-
tures. Experimentally, it gives a correct description whenDs/
s<1. But thereafter, we observed deviation from linearity
betweenDs/s andAta. When the relative variation of the
conductivity increases, we observe a transition to another
regime with an intermediate quasilinear dependence ofs
with ta .

Alternatively, Samuelson and Druy15 observed that this
decay is apparently a linear function of the aging timeta for
the early stage of the decrease and suggested that the con-
ductivity decay obeys a first-order kinetics. None of these
different hypotheses can account for the long time evolution,
which our study particularly emphasizes.

The striking result is that, as can be seen in Fig. 3, the
evolution ofs can be described in a better way by a stretched
exponential of the aging timeta , for ta.40 h,

s5s0exp~2Ata /t!, ~1!

wheret is the characteristic time of the degradation process
~at 120 °C,t517 h!. The same type of functional depen-
dence has been observed in polyalkylthiophenes.17 Compar-
ing the evolution at 140, 120, 100, and 80 °C, it appears that
t follows an Arrhenius law as a function of the aging tem-
perature with an activation energy of the order of 1 eV. Since
all the s(ta) curves show the same functional dependence,
the evolution of the conductivity at 120 °C can be considered
as fully representative of the aging phenomena. Then, in the
following, we will concentrate on aging experiments per-
formed at 120 °C. Looking carefully, the kinetic regime de-
scribed by Eq.~1! is only valid for long thermal treatment
times~ta.40 h! as shown in Fig. 4. Such a complex kinetic
law means that the conductivity can hardly be related to the
defects concentration in a simple way, in contradiction to
what is usually proposed.

IV. CONDUCTIVITY VERSUS TEMPERATURE

We now detail the temperature dependence of the conduc-
tivity of the PPY-ANS2 samples after aging at 120 °C for
various durations from 0 to 1 month, given in Table I. After
aging in room atmosphere, the samples were stored at room
temperature in inert argon atmosphere in order to prevent
further aging before measurements. A conventional four-
probe method was applied. Samples of typical size 83530.5

FIG. 1. Resistance of PPY-ANS2 samples as a function of the
aging time for various aging temperaturesTa580, 100, 120,
140 °C.

FIG. 2. Relative decrease of the conductivity for PPY-ANS2
samples versusAta for the aging temperaturesTa580, 100, 120,
140 °C.

FIG. 3. Logarithmic plot of the resistance of PPY-ANS2
samples as a function of the square root of the aging time for vari-
ous aging temperaturesTa580, 100, 120, 140 °C.

FIG. 4. Conductivity of a PPY-ANS2 sample, as a function of
the timeta , during thermal treatment at 120 °C: dots, experimental
data; solid line, best fit obtained with Eq.~1!.
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mm3 were mechanically pressed on four parallel gold wires.
The dc current was provided by a Keithley 220 current
source and two Keithley 617 programmable electrometers
with an input impedance of 1014 V were used to measure the
voltage drop between the inner contacts. The linearity of the
voltage versus current characteristics was systematically
checked on a one order of magnitude current range. Possible
thermoelectric effects were excluded by measurements in
both current senses.

The low-temperature measurements were performed in an
Oxford Instrument cryostat in the range 15–300 K. The mea-
suring cell was placed in a closed chamber filled with low-
pressure He as an exchange gas. The maximum average
power dissipated in the sample from the generator was 5mW.
The temperature of the cryostat was controlled and regulated
using a computer-driven Oxford temperature controller
ITC4. The sample temperature was measured using a cali-
brated platinum resistor in the range 300–40 K or a cali-
brated carbon glass resistor in the range 40–15 K.

It must be emphasized that none of our samples displayed
a metallic behavior. Consequently, we are here concerned
with the effect of aging on originally disordered materials,
contrary to the case that was considered by Ishiguroet al.18

or by Reghu and co-workers.1–2 The thermal variations of
the conductivity are presented for the whole set of samples in
Fig. 5. For each sample, thes(T) data were fitted to

s5s0expF2S T0T D aG , ~2A!

with s0 a constant. In general, the best fit was achieved for
a50.5, as observed in Fig. 5, except for the samples with
aging times shorter than seven hours (T0,...,T6). Therefore,
for long aging times~samplesT7 toT12!, the conductivity is
well described by the following law:

s5s0expF2S T0T D 1/2G . ~2B!

For the less aged samples, a deviation from this law is ob-
served at high temperature, although this is not obvious from
Fig. 5. This point is made clearer in Fig. 6 for sampleT0.

Besides the expected decrease of the room-temperature
conductivity, the most striking effect of the thermal treatment
is the marked increase of the slopes of those curves, that is to
say, ofT0. As shown in Fig. 7,T0 shows a linear dependence
with ta for long aging times:

T0'cta . ~3!

.

Thus for long enough aging times~ta.40 h!, Eq. ~2B! be-
comes

s~ ta ,T!5s0expF2S ctaT D 1/2G . ~4!

It must be emphasized that this expression has exactly the
same functional dependence withta as the expression~1!
has, previously obtained for the kinetics of the conductivity
evolution during thermal treatment. Furthermore, the nu-
merical coefficients have about the same value when one
extrapolates Eq.~4! for temperatures up to 120 °C. Taking
T5Ta5120 °C in Eq. ~4!, one obtainsTa/c52163 h as
compared tot51763 h derived from Eq.~1! in the case of
Ta5120 °C. Thus it appears that the observed conductivity
decrease during aging is entirely determined by the variation
of T0, the main parameter representative of the hopping
mechanism.

The other remarkable result coming out of the experi-
ments appears in Fig. 8. In this figure, the whole set of data
has been plotted as a function of the unique reduced variable
(cta/T)

1/2. One can see that all the experimental points re-
markably merge into a single universal curve. Therefore, if it

FIG. 6. Temperature dependence of the relative conductivity for
the nonaged sample~ta50!.

TABLE I. Aging times for each sample.

PPY sample T0 T5 T6 T7 T8 T9 T10 T11 T12

Aging time
~3104 s!

2.2 6.25 10.8 17.3 60.5 104 170 233

FIG. 5. Temperature dependence of the conductivity for PPY-
ANS2 samples with various aging times.
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does exist, a power-law temperature dependence of the pre-
factors0 should be of the form (cta/T)

b. Actually, the best
numerical fits lead to the conclusion thatb should be neces-
sarily smaller than 0.5. As a first approximation,s0 can be
considered as constant and neither temperature nor aging
time dependent: s0520 S/cm. In other words, the param-
eterT0 is the only one relevant to describe the conductivity
decrease and this leads to a remarkably simple expression of
ln s as a function ofta andT:

ln@s~ ta ,T!/s0#52S ctaT D 1/2.
Such a hopping-type dependence cannot describe the con-
ductivity of the highly conducting samples with aging time
less than a few hours, i.e., samplesT0, T5, andT6. A com-
mon feature of these samples is that the plot of ln~s! versus
1/AT can be regarded as linear in the low-temperature range
before deviating significantly at higher temperatures as
shown in Fig. 6 for the reference sampleT0.

As suggested in Refs. 2 and 19, an alternative way to
determine the exponenta of the hopping law consists of
calculating the reduced activation energy,

W~T!5T
d ln„s~T!…

dT
.

From Eq. ~2a!, we obtain lnW(T)5A2a ln T, where
A5a ln~T0!1ln~a!.

On the one hand, for the aged samples~T11, for instance,
as shown in Fig. 9!, the curve of ln(W) versus ln(T) is linear
and the best fit leads to an estimated value fora of 0.47. On
the other hand, for the nonaged sample we clearly obtain two
distinct regimes~Fig. 10!. The low-temperature data can be
fitted with a straight line, the slope of which is about 0.45.
This is in agreement with the fact that Eq.~2B! accounts well
for the variation ofs in this temperature range. The high-
temperature range with a lower value ofa corresponds to a
more slowly varying conductivity. Other models and trans-
port mechanisms must be taken into account to explain the
high-T regime. Typical crossover temperatures between the
two regimes are 35 K forta50 and 45 K forta5900 s.

In this respect, we have tried to fit our data with the
fluctuation-induced tunneling~FIT! model of Sheng dedi-
cated to the case of a parabolic insulating barrier20 between
large conducting grains. The conductivity is given by

s5s0expS 2
T1

T1T0
D , ~5!

FIG. 7. Variation of the parameterT0 derived from Eq.~2B!
versus aging timeta .

FIG. 8. Universal curve obtained by plotting the conductivity as
a function of the reduced variable (cta/T) for samples with various
aging times.

FIG. 9. Plot of ln„W~T!… versus ln(T) for the nonaged sample
~ta50 s!.

FIG. 10. Plot of ln„W~T!… versus ln(T) for the aged sampleT11
~ta51.73106 s!.

53 4513AGING EFFECTS ON THE TRANSPORT PROPERTIES IN THE . . .



wheres0, T1, andT0 are constants.
As shown in Fig. 11, for the nonaged sample, there is

good agreement between the experimental data and the fit
using Eq.~5! on a wide temperature range. A rather good
agreement is also obtained for the sample with aging time
ta5600 s. Nevertheless, at low temperature, a discrepancy
between the data and the FIT model appears. For the
nonaged sample, the deviation starts at about 50 K. For the
sample with aging timeta5600 s, the crossover temperature
is higher; the FIT model is valid in a narrower range and is
less highlighted.

V. THERMOELECTRIC POWER VERSUS TEMPERATURE

The thermoelectric power of the material was measured
by using a slowly varying, alternating temperature gradient

method. The principle of the method was first discussed by
Chaikin and Kwak.21 The samples were mounted between
two electrically isolated copper blocks placed upon a copper
heat sink, and isolated from the latter. The copper blocks
were glued with heaters. The temperature gradient between
them never exceeded 0.5 K and was controlled with a
Constantan/Cu thermocouple. A carbon-glass resistance to-
gether with a platinum resistance mounted in the heat sink
were used to monitor the average assembly temperature. The
output from the sample/Cu thermocouple was applied to the
y axis of a recorder, and the output from the Constantan/Cu
thermocouple was applied to thex axis of the recorder. Feed-
ing the current alternatively to one or the other heater, the
temperature gradient could be swept from negative to posi-
tive values. The resulting plot is a straight line, with a slope
equal to the ratio of the thermoelectric power of the two
thermocouples, sample/Cu over Constantan/Cu. The ther-
mopower of copper,SCu(T), was taken as a linear function of

FIG. 11. Fit of the experimental data with the aid of the
fluctuation-induced tunneling model@Eq. ~6!# for the nonaged PPY/
ANS2 sample~ta50 s!. The parameters derived from the fit are
s052.36,T05375 K, andT15142 K. The fit is valid above 50 K
only.

FIG. 12. Variation of the thermoelectric power as a function of
temperature for the samplesT0, T4, T8, T9, T10, andT11.

FIG. 13. Fits of the thermo-
electric power data withS(T)
5AT1B1C/T for the samples
T0, T9, T10, andT11. The fitting
parameters are listed in Table II.
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T with a room-temperature value of 1.6mV/K. We were not
able to extend the thermopower data to very low tempera-
tures for the aged samples because of the difficulty to mea-
sure low voltages in high resistivity samples.

The thermoelectric power temperature dependences of
samplesT0,T4,T8,T9,T10, andT11 are shown in Fig. 12.
We observe rather low thermopower values. For the unaged
sample, a room-temperature value of 9.75mV/K was mea-
sured. Room-temperature thermopower displayed a change
of sign as a function of aging. The data obtained for samples
T0 and T4 are well described on the whole temperature
range with a linear law of the formS(T)5AT1B, which
accounts for the fact that the thermopower does not extrapo-
late through the origin as can be seen in Figs. 12 and 13. At
the early stage of the aging process, the thermopower data
appear to be rather insensitive to the details of the tempera-
ture dependence of the resistivity and the slope of theS(T)
curves remains nearly constant. Our data are similar to re-
sults obtained from polypyrrole samples22,23 and from a
number of partially doped conducting polymers.24–26

For samplesT8 to T11, the temperature range can be
divided into two regions ~Figs. 12–14!. The high-
temperature regime remains linear and no clear evolution of
the slope with aging could be brought to the fore. In the
low-temperature range, there is a clear deviation from linear-
ity. Benderet al.22 also found that thermally aged samples
develop extra structures in their low-temperature ther-
mopower. Moreover, the behavior is similar to the character-
istic U-shaped dependence well known for HCl-doped
polyaniline.27 Such a dependence was also observed in
PANI-CSA/PMMA ~polyaniline camphor sulfonic acid/
polymethylmethacrylate! blends near the percolation
threshold.28,29 The crossover temperature separating the two
regions is an increasing function of the aging time. In the
low-temperature range, the data can be fitted using the rela-
tion S(T)5C/T1B as can be seen in Fig. 14 where the
values ofS obtained for samplesT8 toT11 for temperatures
below the minimum are plotted versus 1/T. For the less aged
samples, such aU-shaped dependence could not be observed
but it may occur at lower temperatures where the high resis-

tivity of the sample prevents any accurate thermoelectric
power measurement. Therefore, the whole data set can be
fitted using a sum of three contributionsS(T)5AT1B
1C/T whereA, B, andC are only weakly temperature de-
pendent. The values of these parameters are listed in Table II
and the results of the fittings are presented in Fig. 14.

VI. INTERPRETATION OF THE RESULTS IN TERMS
OF CONDUCTING POLARONIC CLUSTERS

The conductivity evolution with aging time and tempera-
ture can be accounted for in the framework of two limiting
conduction processes, standing for long and short aging
times. However, a unified picture of the aging process will
emerge. Let us first focus on aged samples.

A. Long aging times

1. dc conductivity

Several models lead to the functional dependence of the
conductivity given by Eq.~2B!. Let us now review and dis-
cuss the different models. According to the Mott variable-
range hopping~VRH! model,3 the transition ratep for hop-
ping between localized centers is

p5p0exp~22gr !exp~2DE/kT!,

wherep0 is a constant,r the distance between two sites, 1/g
the decay length of the localized wave function, andDE the
activation energy for the hopping process. By maximizingp
with respect tor , Mott then predicted the temperature depen-
dence given by Eq.~2A!, wherea is determined by the di-
mensionalityd of the carrier hopping: a51/~d11!.

As a matter of fact,a would be equal to12 for one-
dimensional transport. But in this model the preexponential
factor should vary with temperature as 1/T in contradiction
to experimental results in whichs0 does not depend on tem-
perature. Besides, it has been emphasized that extending
Mott and Davis’ arguments to 1D systems is not correct and
that the conductivity follows a thermally activated law in the
case of 1D VRH.30,31

Wanget al.5 interpreted thea51
2 exponent by invoking a

model of quasi-1D variable range hopping. For weak inter-
chain coupling, only the nearest-neighboring chains are con-
sidered. The interchain hopping conductivity perpendicular
to the chain is expressed as follows:

s'5
2e2g~Ef !b2nph~ t't!2

A\2 expF2S T0T D 1/2G ,
wheret is the mean-free time,b the transverse localization
length,A the average cross section of each chain,g(EF) the
density of states at the Fermi level,t' the interchain transfer
integral,nph a typical phonon attempt frequency~10131 Hz!,
and

T05
8g

g~EF!kB
,

whereg is the inverse of the longitudinal localization length.
The interchain hopping conductivity parallel to the chain

direction is given by

FIG. 14. Thermoelectric power versus 1/T for the samplesT8,
T9, T10, andT11. For clarity, only the points corresponding to
temperatures below the minimum of theU-shaped curves of Fig.
12, where theC/T contribution is expected to prevail, have been
plotted.
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s i5
e2npht'

2 t2

AzkBT\2g
expF2S T0T D 1/2G ,

wherez is the number of nearest-neighboring chains. Due to
the finite polymer length and occasional large interchain bar-
riers, the interchain conductivity is expected to be much
smaller than the intrachain one. It should determine the ob-
served temperature dependence.

In this model,T0 and the prefactors0 are both functions
of g(EF) and of the longitudinal localization lengthg.
Thus, s0 can be partly expressed as a function of
T0: s0}g(EF)/T0

2 for the perpendicular interchain conduc-
tivity ands0}1/gT0

2 for the parallel one. Since, on one hand,
T0 is proportional to the aging timeta andg is expected to
increase with aging and, on the other hand,g(EF) is more
likely constant or possibly slightly decreasing, one should
expect in both cases a two order of magnitude decrease for
s0, which is in complete disagreement with the results.

A value of the exponenta equal to 1
2 is also expected

when the conduction mechanism is controlled by Coulomb
interactions that create a gap in the density of states near the
Fermi level as shown by Efros and Shklovskii.4 The density
of states tends towards zero as the square of the energyE
referred to the Fermi level. In that case and in contrast with
the two previous models, the prefactor is regarded as con-
stant. However, some studies have pointed out that this
model is relevant only at very low temperatures and that the
conductivity is expected to exhibit a smooth crossover to the
Mott behavior at higher temperatures~a51

4!.
19,32On the con-

trary, for aged samples, the temperature dependence of the
conductivity is well fitted witha51

2 from 15 K up to room
temperature. Moreover, in the framework of this model,4 the
localization length, which is proportional to 1/T0, would be
decreased by two orders of magnitude upon aging. Such a
huge variation is very unlikely to be of physical significance.
The Efros-Shklovskii model can thus be ruled out.

To our knowledge, the last model leading to the former
functional dependence was proposed by Zuppiroliet al.8 It is
based on the Sheng model of charging-energy-limited tunnel-
ing ~CELT!, originally proposed for granular metals in which
conduction is supposed to proceed from tunneling between
small conducting grains separated by insulating barriers.6,7

Apart from the tunneling process, the number of charge car-
riers, which is controlled by the charging energyEc , appears
as a crucial parameter for the conductivity.Ec is nothing
but the electrostatic energy required to create a positive-
negative charged pair of grains. The basic assumption of the
model is thatEc is large as compared to the thermal energy
kT. Such a condition is all the more easily fulfilled as the
grains are small. The major aspect introduced in the model
by Zuppiroli et al. concerns, on one hand, the nature of the
conducting state and, on the other hand, the origin and the
characteristics of the grains clusters in the following, in
strongly disordered conducting polymers. The conducting
clusters are highly doped polaronic islands generated by het-
erogeneities in the doping distribution. The dopant ions act
as tunneling bridges between neighboring chains and there-
fore improve the charge carrier motion. The prefactors0 is
considered as temperature independent in a first
approximation.33 As concerns the parameterT0, it is given
by

T05
8U

kB

s2

d2
1

1
21s/d

, ~6!

whered is the average diameter of the cluster,s the average
distance between the clusters, andU the on-site Coulomb
repulsion with an estimated value~from electron spin reso-
nance measurements! of about 2 eV.34,35

We assumed that the Coulomb repulsionU remained con-
stant as a function of aging. The x-ray photoemission spec-
troscopy measurements, especially the N(1s) spectra, have
indicated a slight dedoping with aging. One could thus ex-
pect a slight change in the on-site Coulomb repulsionU.
Nethertheless, the parameterT0 displays an increase of more
than two orders of magnitude with aging. Such a huge varia-
tion cannot be ascribed to a change inU, that should remain
around a few eV. Therefore, most of theT0 evolution can be
attributed to the geometrical characteristicss andd. At least
in a first approximation, the assumption of a constantU is
thus partially justified. d and s are related to the average
distance between dopants ions,d̄, and to the local average
distance between dopants inside a cluster,d, by the relation
d/ d̄5d/(d1s). The charging energy is expressed as follows:

Ec5
2Ua

d~11d/2s!
, ~7!

where a is the monomer size. In the following, we have
takena55 Å. From the evolution ofT0, we have estimated
the dependence ofs and d with the aging time. We as-
sumeds1d constant and of the order of 200 Å, which ap-
pears to be, for example, the order of magnitude of the grain
size in polyaniline as derived by Zuoet al.36 This choice will
be justified by the coherence of the model detailed in the
following. In such a case, as illustrated in Fig. 15, the diam-
eterd of the clusters decreases with increasing aging time,
while the intergrain separation increases. In this picture, the
conductivity decrease with aging results from a progressive
degradation of the conducting islands. Therefore, the degra-
dation mechanism would very likely be initiated at the grain

FIG. 15. Evolution of the conducting clusters’ diameterd and of
their separations as a function of the square root of the aging time
ta . These values were derived fromT0, with the assumptions1d
5200 Å. The parameterT0 itself was deduced from the whole tem-
perature range for long aging times~ta.105 s! and from the low-
temperature data for the short aging times~ta,105 s! ~see text!. The
vertical line separates the long- and short-aging-time regimes.
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surface, i.e., in the intergrain zone which is actually the de-
fective zone. More precisely, for long aging times, the linear
dependence ofT0 with aging time can be understood with a
parabolic variation ofs with the times}Ata. Such an in-
crease of the distance between two conducting grains is simi-
lar to that observed for corrosion where the barrier separation
is replaced by the thickness of the oxydized layer.37

In their work, Zuppiroliet al. paid particular attention to
the basic questions concerning the multiphonon aspects of
hopping. The electron lattice coupling constantg is nothing
but the ratio of the polaron binding energy to the vibrational
energy\w corresponding to the typical phonons involved in
the hopping process. For a polaronic cluster withn mono-
mers, it isg5Eb/n\w'5/n, whereEb is the lattice defor-
mation energy. Taking the derived values for the cluster size
leads to the conclusion that we are always in the weak-
coupling limit. Therefore, the basic assumption of the model
is fulfilled.

A similar functional form of the behavior of the conduc-
tivity change with the temperature has been observed in
other conducting polymers, such as PANI and PANI
derivatives.38 Nevertheless, comprehensive analysis of the
conductivity data in these various conducting polymers is
needed to discriminate among the different conduction mod-
els.

2. Thermopower

The picture which we invoke to account for the conduc-
tivity evolution can be related to the thermoelectric power
data in the framework of the Kaiser model for heterogeneous
materials.39 We will first briefly review the models relevant
in homogeneous media.

A linear temperature dependence,S(T), usually corre-
sponds to the characteristic thermopower of a metal due to
tunneling between states atEF . This has already been ob-
served in highly conducting polyacetylene.24–26For a disor-
dered system, with a partially filled band there is a finite
density of state at the Fermi energy. If the disorder is suffi-
ciently weak thatEF lies in the energy range of extended
states, the thermopower is expressed as follows:3

S52
k2p2

3q
TUd lns~E!

dE U
EF

, ~8!

where k is the Boltzman constant,q is the charge of the
carrier,EF is the Fermi energy, and the energy dependence of
the conductivity,s(E), generally arises from both the band
structure and the energy dependence of the scattering time.

The positive sign of the slopes of theS(T) curves in the
high-temperature limit indicates that the dominant conduc-
tion mechanism takes place above the Fermi level. Thus, the

experimental linear contribution to the thermoelectric power
should very likely proceed from the highly conducting clus-
ters.

In amorphous semiconductors, in which hopping between
band tail localized states dominates the transport process, the
thermoelectric power can be written3,40 as

S~T!5B1C/T, ~9!

whereB andC are determined by the energy distribution of
the density of localized states and by the nature of the scat-
tering process. Moreover, ifEg is the energy gap at the Fermi
energy, one getsB'Eg/e. From the data, we derive
Eg50.05 meV forT8 andEg53.2 meV forT11. These val-
ues seem too small for the model to be consistent since
Eg@kT is required. Nethertheless, as explained further, it
should be pointed out that the heterogeneous structure of the
material leads to additional prefactors preventing an accurate
estimation of the gap. Such a contribution should be charac-
teristic of the insulating barrier separating the polaronic clus-
ters.

At this point, let us now review the predictions of the
other conduction models previously discussed, as concerns
the thermopower behavior. In the case of the Efros-
Shklovskii transport model,S is expected to be constant.41

Several models for the thermoelectric power behavior have
been proposed in the case of the variable-range hopping
transport mechanism. It appears thatS varies asT1/2, T3/4, or
T 0
1/4T3/41T in three dimensions.3,41,42None of these models

can actually account for our data especially in the low-
temperature range, where variable-range hopping, if ever it
occurs, is expected to prevail.

In quasi-1D VRH,27 S(T) is given by

S~T!5
k

2e

W2

kT Ud lnf ~E!g~E!m~E!

dE U,
whereW is the range of energy contributing to conduction,f
is the Fermi distribution function,m is the mobility, andg the
density of states. According to Mott and Davis,W is as-
sumed to be the hopping energy. For the interchain hopping
in quasi-1D VRH,W}k(T0T)

1/2 and thusS}T0. For the
intrachain hopping, one hasW}kT0 and thereforeS}T 0

2/T.
The total thermopower in quasi-1D VRH is contributed by
both interchain and intrachain hopping, so that the expected
T dependence is of the formB1C/T. Nevertheless, in the
framework of this model,B andC should be of the same
sign which is experimentally never the case as can be seen in
Table II. Moreover, it can be easily shown that for samples
T8, T9, T10, andT11 the ratioC/B is not a linear function
of T0 deduced from the conductivity data contrary to what is
expected in this model. SampleT8, the conductivity of
which follows the~2B! law on the full temperature range,

TABLE II. ParametersA, B, andC deduced from the fitsS(T)5AT1B1C/T for the samplesT0, T4,
T8, T9, T10, andT11.

Sample T0 T4 T8 T9 T10 T11

B ~mV/K ! 0.74 1.05 4.16 4.45 33.1 35.7
A ~mV/K2! 3.41022 3.21022 4.11022 1.41022 7.41022 5.31022

C ~mV! ,20 ,20 52.5 94.7 2843 3189
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exhibits a linear thermopower on a wide temperature range,
suggesting that metallic islands cannot be ignored in the con-
duction process and that the12 exponent is the result of the
granular structure of our very disordered material and not of
a quasi-one-dimensional VRH process.

As strongly suggested by the conductivity measurements,
our samples display a granular structure. Therefore, the total
thermoelectric power should be the superposition of the two
contributions corresponding to the conducting grains and to
the insulating barriers. For a heterogeneous material, made
up of metallic and amorphous semiconductinglike regions,
one has to take into account the nonlinearities of the tem-
perature gradient due to the different thermal resistancesWm
andWsc of each region. In the very simple case where the
two types of region are in series along the thermal gradient,
the thermopower can be expressed as the sum of two parts,39

S5
DTm
DT

Sm1
DTsc
DT

Ssc

or using the proportionality between the thermal resistance
and the temperature gradient

S~T!5
Wm

W
Sm1

Wsc

W
Ssc,

whereW andDT are the total thermal resistance and tem-
perature gradient, respectively,DTm andDTsc are the sum of
the temperature drops in the metallic and the amorphous
semiconducting regions, andSm andSsc their intrinsic ther-
moelectric powers. ReplacingSm and Ssc by their values
from Eqs.~8! and ~9! leads to a functional dependence with
three contributions,S(T)5AT1B1C/T. Therefore, the
changes observed in the ratiosB/A and C/A, as deduced
from the fittings ofS(T)5AT1B1C/T on the experimental
data, should reflect a possible evolution of the microscopic
parameters included in the thermoelectric powersSm or Ssc,
like ud ln s(E)/dEuEF or Eg , but also the variation of the rela-
tive proportion of the two phases through the ratioWsc/Wm .
Thus, B/A and C/A are expected to increase with aging,
together with the size of the amorphous semiconducting re-
gion.

In a very simplified way,B/A andC/A can be related tos
andd, the relevant lengths for the semiconducting and me-
tallic regions, and to their thermal resistivitiesrm andrsc by

B

A

C

A
}
Wsc

Wm
}

rsc
rm

s

d
.

The experimental variation ofB/A andC/A are reported in
Fig. 16 as a function of the aging time. They are both in-
creasing and nearly linear functions ofta and display a strik-
ing similarity with the behavior ofs/d as deduced fromT0.
Actually, from Eq.~6!, one can derive in a first approxima-
tion thats/d}T0}ta for long aging times.

The precise relationship betweenB/A, C/A, and s/d is
certainly more complex but it can be deduced from the
former discussion that the analysis of the thermopower data
strongly supports the idea that the metallic cluster size un-
dergoes a clear decrease with aging. To give additional sup-
port to our picture, it must be pointed out that a similar
U-shaped dependence was observed in PANI-CSA/PMMA

blends near the percolation threshold.28,29As the blends are
diluted, the temperature dependence remains linear at high
temperature, but shows a clear deviation below 100 K. It was
also attributed to activated transport between disconnected
regions, large scale inhomogeneities, and highly conducting
islands separated by insulating regions. Therefore, one can
speak of a certain analogy between our material and the
PANI-CSA/PMMA blends. On the one hand, the highly con-
ducting islands in the polypyrrole samples correspond to the
highly conducting PANI regions in the blends and lead to the
linear term in the thermoelectric power. On the other hand,
the less conducting regions separating the conducting clus-
ters in polypyrrole correspond to the insulating matrix of
PMMA and are related to the semiconductinglike contribu-
tions in the thermoelectric power.

At this point, we are dealing with a representation of both
the conduction mechanism and the aging process, which re-
markably accounts for the temperature and time evolution of
the conductivity and the temperature dependence of the ther-
mopower, at long aging times. It is therefore tempting to
consider the case of short aging times starting from the
framework of this picture. The extrapolation of the variation
of s andd leads to larger clusters at short aging times. Given
the fact that the charging energyEc is a decreasing function
of the grain size, one expectsEc to be smaller and smaller
when going to shorter and shorter aging times. SinceEc is of
the order of the thermal energy at room temperature for
sampleT7 ~ta5105 s! ~see Table III and the next section!, it

FIG. 16. Plot ofB/A andC/A versus the aging timeta .

TABLE III. Grain size, intergrain distances, andEc orders of
magnitude derived fromT0 @Eq. ~6!# for the sampleT0 ~ta50 s!
and for a long-aging-time sampleT7 ~ta51.73105 s! supposing
thatd1s5200 Å. At room temperature,kBT52.5831022 eV.

SampleT0 SampleT7

ta ~s! 0 105

T0 ~K! 90 938
s/d 0.016 0.054
s ~Å! 3 11
d ~Å! 200 190
Ec ~eV! 331023 131022

4518 53B. SIXOU, N. MERMILLIOD, AND J. P. TRAVERS



is clear that the CELT between conducting clusters can only
be valid at lower and lower temperatures when going from
samplesT7 to T0. In agreement with our previous analysis,
another model must be invoked in these samples for tem-
peratures higher than a crossover temperatureTc equal to
aboutEc/k. This point will be discussed in the next section.

B. Short aging times

The charging energyEc has been derived for the various
samples from Eq.~7!. In the case of short-aging-time
samples,T0 was estimated from the slope of the ln~s! versus
1/AT plot in the low-temperature range. Thend/s, d, s, and
finally Ec were deduced using the previous assumption, i.e.,
d1s'200 Å. The results are summarized in Table III and
Fig. 15 with those obtained for long aging times.

Using the relationEc5kTc , we have estimated the tran-
sition temperatureTc , for a given Ec , above which the
model does not apply. The results are listed in Table IV. The
values are actually in good agreement with those previously
obtained from the plot of lnW(T) versus ln(T) ~see Sec. I!.
Thus, in less aged samples (T0,...,T6), we are dealing with
large clusters separated by insulating barriers. It is therefore
quite natural to invoke the FIT model proposed by Sheng.20

In this model, the system is made up of large conducting
regions separated by thin insulating barriers. The voltage
across these barriers is subject to large thermal fluctuations,
leading to a modulation of the tunneling probability and in-
troducing a characteristic temperature dependence of the
conductivity. Assuming parabolic barriers described by two
parametersT1 andT0, the conductivity is expressed by Eq.
~5!. As a matter of fact, there is rather good agreement with
the experimental data as shown in Sec. I.

For both the nonaged (T0) and the 600-s aging time
sample (T1) we have performed a double theoretical fit. At
high temperature, using the FIT behavior~Eq. 6!, we deter-
mined the temperature below which the deviation between
the data and the theoretical law was larger than 10%. On the
opposite, using the hopping behavior@Eq. ~2b!# at low tem-
peratures, we determined the temperature above which the
same deviation was larger than 10%, too. The results are
presented in Table IV. The good agreement and the coher-
ence between these independent estimates of the crossover
temperature gives an argument in favor of the conducting
islands approach.

Let us now compare the physical parameters deduced
from the fluctuation-induced tunneling model with those de-

rived from the Zuppiroli model. With this aim, we used the
phenomenological relationships betweenT0, T1, and the bar-
rier parameters, proposed by Schimmel.43 The height of the
barrier is given by

DE5kBT1 , ~10!

while its width s is related toT0 andT1 by

T1
T0

5A2mDE
2s

\
. ~11!

Orders of magnitude ofDE ands derived fromT0 andT1 are
given in Table V for the samples with aging timeta50 and
ta5600 s. The numerical estimates of the barrier width in
general do not differ much from our estimated values.25,43

Moreover, they are consistent with the independent determi-
nation obtained from the conducting cluster model. Yet, there
remains a slight deviation between the two determinations
for s. This discrepancy may have several origins:~i! The
FIT model reduces the general behavior of a whole set of
different junctions to the one of a single junction with appro-
priate values ofT1 andT0. Therefore, the calculated param-
eters represent only an order of magnitude of the average
characteristics of the barriers;~ii ! the imprecise determina-
tion of the parameterT1 andT0 due to a limited fitting tem-
perature range. The complete application of the fluctuation-
induced tunneling model44 leads to barrier widths of the
same order of magnitude.

Finally, we attempted to correlate the temperature depen-
dence of the conductivity for the less aged samples with the
short time decay ofs during aging and to explain the devia-
tion observed on the beginning of the kinetics curve of Fig.
2. Starting from the FIT law Eq.~5!, and assuming thats is
the only junction parameter which varies with the elapsed
time, and that the height of the barrier remains constant,
leads to an expression ofs as a function of the single vari-
ables. At the aging temperatureTa , the following relation is
then obtained:

s5s0expS 2
2&DEs~ ta!AmDE

~2&Taks~ ta!AmDE1DEh!
D .

Developing this expression around the value ofs at the be-
ginning of the thermal treatment, under the assumptionDs/
s<1, leads to the following relation:Ds/s}Ds. Again, a
metal-like corrosion mechanism with a parabolic variation of
the thickness of the oxidized material versus time~Ds pro-
portional toAta! appears to be consistent with the conduc-
tivity degradation of the samples experimentally observed at
its early stage (Ds/s}Ata).

TABLE IV. Cross-over temperatures above~FIT! or below
~Zuppiroli! which the discrepancy between the best fits based on
Eq. ~5! or Eq. ~2B! and the experimental data are within a maxi-
mum of ten percent.Tc is the theoretical transition temperature
between the two distinct transport mechanisms~see text!.

ta ~s! 0 900

Crossover temperature
for the Zuppiroli fit @Eq. ~2B!#

T,54 K T,88 K

Crossover temperature
for the Sheng fit@Eq. ~5!#

T.16.5 K T.24 K

Tc(Ec5kBTc) 35 K 44 K

TABLE V. Barrier parameters derived from the phenomenologi-
cal model of Schimmel@Eqs.~10! and~11!# for sampleT0 ~ta50 s!.
The data points were fitted on the whole temperature range or above
100 K.

Limiting fit temperature~K! T.15 K T.100 K

s ~Å! 26 10
DE ~eV! 1.7931022 4.831022
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At this point it is interesting to compare the present work
with the work by Reghu and co-workers.1,2 Reghu and co-
workers are dealing with PANI/CSA samples near the metal-
insulator transition in which, in a very simplified way, a scal-
ing temperature dependence of the conductivity is changed
to a variable-range-hopping law when the aging time in-
creases on the insulating side of the transition. We are here
concerned with polypyrroles far from this transition, in
which the fluctuation-induced tunneling temperature depen-
dence of the conductivity is replaced by charging-energy-
limited tunneling between clusters. Nevertheless, the trans-
port process which prevails in the aged samples considered
by Reghu and co-workers seems not to correspond to the one
in our pristine materials. As a matter of fact, in the case of
the PANI/CSA samples, the localized states seem to be ho-
mogeneously distributed inside the material during aging and
therefore no well-defined conducting clusters seem to be cre-
ated. On the contrary, in our polypyrrole samples the granu-
lar structure precedes any structural or chemical changes
through aging. In that case, the material is characterized by a
heterogeneous structure at the very beginning of the aging
process.

VII. CONCLUSION

In the present work, the effects of aging on the electronic
conduction mechanism of polypyrrole were studied by com-
bining the time dependence of the dc conductivity during
aging at a given temperature and the temperature dependence
of both the conductivity and the thermoelectric power for
different aging times. Concerning the temperature depen-
dence ofs, two distinct and characteristic transport mecha-
nisms have been identified that depend on the increasing
disorder produced by thermal degradation. For the more aged
samples, the prevailing conduction mechanism is charging-
energy-limited tunneling between polaronic clusters. The
conducting grain size was estimated to be about 200 Å. The
intergrain separation increases from 3 to 30 Å after 1-month
aging at 120 °C. For the less aged samples, the high-
temperature regime of the conductivity is characteristic of
the fluctuation-induced tunneling mechanism between large
grains. The samples with intermediate aging exhibit a cross-

over from one transport process to another with a threshold
characteristic of the charging energy and thus of the size of
the highly conducting islands. The thermopower measure-
ments demonstrate clearly the heterogeneous structure of the
material and the decreasing contribution of conducting re-
gions to the electronic transport properties upon aging. They
give strong support to the picture deduced from the conduc-
tivity data.

Concerning the aging time dependence of the conductiv-
ity, a parabolic relative decay was observed for short thermal
treatment times as already observed on several conducting
polymers. Yet, we pointed out a crossover towards a non-
trivial stretched exponential behavior for long aging times.
We have shown that this crossover is consistent with the
change of the transport mechanism. The parameterT0 of the
conducting law entirely determines the degradation kinetics
and a single expression can account for both the temperature
and aging time dependence ofs for the aged samples:

lns~ ta ,T!}2S taT D 1/2.
The key factor affecting the conductivity decay with aging
seems to be the decreasing conducting grain size caused by
oxidization with a kinetic similar to those encountered in
corrosion mechanisms, since a parabolic variation ofs with
aging time gives a suitable description of the two regimes.
Nevertheless, the details of such a degradation process are
not yet understood but, considering the expected complexity
and variety of chemical changes in the material~loss of
structural water, oxidization of the polymer backbone, de-
fects on the doping centers!, the continuity in the
evolution of the conductivity with the single law
s5s0exp(2Ata /t) suggests that some slow process is the
limiting step for the various reactions leading to the forma-
tion of the defects.
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