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Aging effects on the transport properties in conducting polymer polypyrrole
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We present electronic transport studies of the aging process in naphtalene—sulfonate-doped polypyrrole.
They includein situ conductivity 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 typary— o(t,) = \/E the long-aging-time evolution is well described by a stretched exponen-
tial, o-:croexp{—(ta/r)l’z]. Moreover, two distinct temperature dependences have been identifi¢d:
o=0apexfl—(To/T)¥?] for aged samples an(ii) o=oyexd—T,/T+T,] for as-synthesized or lightly aged
samples. The thermal variation of the thermoelectric power can be described by the followingS@w:
=AT+B+C/T, where the relative weight of the linear teri, 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., lor(ty, T)oc — (t,/T) 2

I. INTRODUCTION ever, different models lead to such a functional dependence,
while they are based on rather different microscopic pictures
In the past decade, electronic conducting polymers havef the material. Nevertheless, the valuecofs considered to
attracted extensive interest in both fundamental and applie@rovide some information about the conduction mechanism
research_ Some techno|ogica| app“cations deve|oped ﬁnd |t iS the firSt Cl’itel’ion _tO diS(_:I’iminate _among the mOde_|S.
present use among others the transport properties of thed&e use of the three-dimensional variable-range-hopping

MENSIONA le-ta

materials. But, till now, there has been no widespread agrednodel proposed by M(ftt/lngh a=3 is in keeping with a long

ment on the relevant models used to describe the prevailinfjadition. For the caser=3, the most commonly invoked
escriptions are either hopping with a Coulomb Qaqr,

conduction mechanism. On the one hand, very ordered struc-">". di . 1D bl hoDDi
tures like highly oriented and stretched polyacetylene ofYas-One- imensional1D) variable-range hopping, or

o S . = harging-energy-limited tunneling and related modefs.
polyaniline exhibit a negative temperature coefficient an ; . .
very high conductivities(o>1C% Sfem and up to 10 ut at present, the issue remains open and the understanding

12 ) of the relative influence on macroscopic properties of the 1D
Sh/_CfT‘DH On thg otlher _r|1_and, It? mosé po_ly_pyr_rolles, poLy- structure and of the disorder, which is present at every scale
thiophenes, and polyanilines, the conductivity is lower tharg the structurgdefects on the chains, heterogeneities in the
100 S/em and its temperature dependence generally followgoping distribution, is far from being complete. Moreover,
the typical law several works have been devoted to the theoretical search of
exponents. Such a great variety of theoretical approaches
reflects the wide range of phenomena involved in electroni-
Such behavior is characteristic of strongly disordered sysmay differ from one polymer to another, as well as from one
tems in which conduction proceeds through hopping. Howsample to another, according to the preparation method.

T.\e other microscopic pictures leading to intermediate
0
=o'
T
cally conducting polymers. Actually, the transport process
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The wide range of applications of conducting polymers,dence ofo, and the temperature dependence of thermopower
including antistatic agents, conducting coatings, energy storre reported and analyzed in Secs. Ill to V, respectively. As
age, or nonlinear optics, would greatly benefit from a deepetwo different behaviors emerge for the transport properties
understanding of the transport mechanisms and of their ev@ccording to the aging time, the discussion of the results as
lution with time, since successful devices require long-termivell as their interpretation in the framework of the conduct-
stability. Among the different materials, polypyrrole, dopeding grain picture are presented in Sec. VI in two separate
with various dopants, shows a greater stability as compareB@rts, i.e., VIA, short aging times and VIB, long aging
to polyacetylene but at the present time, the conduction proﬁ—'mes-
erties are still limited by structural and chemical disorder.

The continuous and irreversible conductivity degradation Il. SAMPLE PREPARATION
observed during thermal aging experiments has been exten- ) ]
sively investigated®*The common feature of these studies ~ The samples used for this study were either polypyrrole
is that the key factor explaining the conductivity decrease i$0atings on various textilegolyester, glass fibers, Keviar
supposed to be a degradation reaction which would be limOr Polypyrrole powder pressed in the form of pellets, or even
ited by oxygen diffusion or described by a first-order kinet-€electrochemically synthesized polypyrrole films. The powder
ics. These approaches can explain some of the observed d&@d film synthesis using standard preparation methods are
but they fail to represent the conductivity changes on largéletailed in Ref. 10. With regard to the polypyrrole coatings,
time scales and at elevated aging temperatures. In fact, dffey were synthesized following a one-step or a two-step
those descriptions do not rely on a deep and complete undeprocedure. In the one-step synthesis, after a cleaning treat-
standing of the underlying microscopic processes but theynent, the fabric is immersed in a polymerization solution
are based upon the assumption that the conductivity is somé0-1 M FeCy+4.3x10 2 M pyrrole) at 57 °C for 6 h with-
how linearly related to the defect concentration that increase@uUt agitation. The fabric was then rinsed with water and
with chemical or structural disorder. In the light of the dried with warm air. In the two-step synthesis, the fabric was
present knowledge on the electronic properties of conductingnpregnated with a 0.6-M pyrrole solution in ethanol and
polymers, such a hypothesis appears as very oversimplifiedlen immersed in a 2.4-M Fe{aqueous solution for 15 min
As previously reported, the electronic transport is generallyat ambient temperature under soft agitation. The dopants
governed by hopping, which leads to a more complicatechave always been chosen among those ensuring the best con-
dependence. ductivities and stabilities such as toluene sulfonate, naphtal-

Thus, in order to discriminate among the various models€ne sulfonate, or hydroxy-benzene-sulfonate. The molar ratio
and specify the appropriate picture standing for our sample8f dopant/pyrrole was equal to 0.3.
of p0|ypyrro|e, we took advantage of aging experiments We have found eXaCtIy the same functional dependence of
which allow a controlled introduction of defects. situcon- ~ the conductivity with the aging time in all those samples,
ductivity measurements both as a function of time for severaVith of course numerical factors depending on the sample.
aging temperatures and as a function of temperature for difour findings appear to be independent of either the type of
ferent aging times were combined. Special attention was paithe synthesis or the nature of the dopant, or even of the
to the effects of long aging times. We have also studied th@hysical form of the dopant. Therefore, we here focus on a
evolution of the temperature dependence of the thermoeleghemically synthesized polypyrrol®PY) deposited on a
tric power as a function of aging. We show here that it isPolyester fabric, and doped with naphtalene-2 sulfonate
essential to take all these dependences into account t§NS2). The thickness of the polypyrrole coating was in the
achieve a rather complete understanding of both the conduéange 1-3 um. The analytical formula as determined
tion process and the aging phenomenon and to determid® ESCA and chemical analysis was(C4H3N),
which parameters control the transport properties decrease{CidH7S05 Jozs (FECl )o02 (H20)os Cl ™, (SO; ), -

In particular, we demonstrate the existence of two limiting
transport processes corresponding to long and short ag.ing Ill. CONDUCTIVITY VERSUS AGING TIME
times and a continuous change from one to the other with
aging and, thus, with the increasing structural disorder. The The aging experiments were performed in a thermally
data can be interpreted in terms of conducting grains sepaegulated chamber at temperatufes=140, 120, 100, and
rated by insulating barriers. We show that such an unusud0 °C for durations up to 1 month. The samples were ex-
picture in which the conduction is controlled by charge car-posed to room atmosphere, which means that we are dealing
rier hopping between the grains succeeds in explaining allvith an aging process in the presence of both oxygen and
the results by means of only one adjustable parametewater vapor. The conductivity change was continuously
namely, the grain sizd, and to reconcile of'®and more  monitored, in situ, by conventional four-contact methods.
recent experimental datf.lt appears that aging results in a The raw data are reported in Fig. 1 where the sample resis-
decrease ofl, as in a corrosion process, in such a way thattance is plotted versus the aging tife in linear scales. The
with increasing time, it becomes smaller than a critical valuerelative decrease of the conductivityo/o is presented in
which is responsible for a change in the conduction mechaFig. 2 as a function of the square root of the aging time. Our
nism and therefore for the existence of short- and longdata are very similar to results already reported. Such a de-
aging-time behaviors of the material. cay is often accounted for by diffusion-controlled

This paper is organized as follows. After experimentalkinetics!®~'*In such modelsAo is supposed to be propor-
details about the samples in Sec. I, the data we have oliional to the amount of oxygen absorbed and to the density of
tained for the time dependence @f the temperature depen- conductive paths disrupted by the attachment of oxygen at-
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FIG. 1. Resistance of PPY-ANS2 samples as a function of the |G, 3. Logarithmic plot of the resistance of PPY-ANS2
aging time for various aging temperaturd$==80, 100, 120, gamples as a function of the square root of the aging time for vari-
140 °C. ous aging temperaturds, =80, 100, 120, 140 °C.

oms. The relative decrease of the conductivity is thus exwherer is the characteristic time of the degradation process
pected to vary a$*?. As shown in Fig. 2, this kinetic law (at 120 °C,7=17 h. The same type of functional depen-
gives a rather good description at the very beginning of thelence has been observed in polyalkylthiophéhié@ompar-
thermal treatment where it leads to a straight line. It lastdng the evolution at 140, 120, 100, and 80 °C, it appears that
during time scales significantly longer at low aging tempera-r follows an Arrhenius law as a function of the aging tem-
tures. Experimentally, it gives a correct description wheth ~ perature with an activation energy of the order of 1 eV. Since
o<1. But thereafter, we observed deviation from linearityall the o(t,) curves show the same functional dependence,
betweenAd/o and \/E When the relative variation of the the evolution of the conductivity at 120 °C can be considered
conductivity increases, we observe a transition to anotheas fully representative of the aging phenomena. Then, in the
regime with an intermediate quasilinear dependencerof following, we will concentrate on aging experiments per-
with t,. formed at 120 °C. Looking carefully, the kinetic regime de-
Alternatively, Samuelson and Drtiyobserved that this scribed by Eq.(1) is only valid for long thermal treatment
decay is apparently a linear function of the aging tipéor ~ times(t,>40 h) as shown in Fig. 4. Such a complex kinetic
the early stage of the decrease and suggested that the cddw means that the conductivity can hardly be related to the
ductivity decay obeys a first-order kinetics. None of thesedefects concentration in a simple way, in contradiction to
different hypotheses can account for the long time evolutionwhat is usually proposed.
which our study particularly emphasizes.
The striking result is that, as can be seen in Fig. 3, the IV. CONDUCTIVITY VERSUS TEMPERATURE
evolution ofa can be described in a better way by a stretched We now detail the temperature dependence of the conduc
exponential of the aging time , for t,>40 h, tivity of the PPY-ANS2 samples after aging at 120 °C for
various durations from 0 to 1 month, given in Table I. After
o=ogexp —ta/7), (1) 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 six&80.5
| 100 grr—rrrrrrr
S k N T, = 120°C ]
’;? ] o(S/em) E
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FIG. 2. Relative decrease of the conductivity for PPY-ANS2  FIG. 4. Conductivity of a PPY-ANS2 sample, as a function of

samples versus/ﬂ for the aging temperatureB,=80, 100, 120, the timet,, during thermal treatment at 120 °C: dots, experimental
140 °C. data; solid line, best fit obtained with E({).
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TABLE |. Aging times for each sample.

PPY sample TO T5 T6 T7 T8 T9 T10 T11 T12
Aging time 2.2 6.25 10.8 17.3 60.5 104 170 233
(x10% )
mm® were mechanically pressed on four parallel gold wires. To\ Y2
The dc current was provided by a Keithley 220 current o=0eXg —| 5| |- (2B)

source and two Keithley 617 programmable electrometers
with an input impedance of $6Q were used to measure the For the less aged samples, a deviation from this law is ob-
voltage drop between the inner contacts. The linearity of theserved at high temperature, although this is not obvious from
voltage versus current characteristics was systematicallffig. 5. This point is made clearer in Fig. 6 for sampi@.
checked on a one order of magnitude current range. Possible Besides the expected decrease of the room-temperature
thermoelectric effects were excluded by measurements inonductivity, the most striking effect of the thermal treatment
both current senses. is the marked increase of the slopes of those curves, that is to
The low-temperature measurements were performed in asay, ofT,. As shown in Fig. 7T, shows a linear dependence

Oxford Instrument cryostat in the range 15-300 K. The meawith t, for long aging times:
suring cell was placed in a closed chamber filled with low-
pressure He as an exchange gas. The maximum average To~ct,. ()]
power dissipated in the sample from the generator wag/s
The temperature of the cryostat was controlled and regulateg
using a computer-driven Oxford temperature controller

: omes
ITC4. The sample temperature was measured using a caff’
brated platinum resistor in the range 300-40 K or a cali- RALL:
brated carbon glass resistor in the range 40—15 K. a(ta,T)=o-oexp{ - (%) .

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 Ishigiral 18
or by Reghu and co-workets? The thermal variations of
the conductivity are presented for the whole set of samples i

hus for long enough aging times,>40 h), Eq. (2B) be-

4

It must be emphasized that this expression has exactly the
same functional dependence with as the expressiofl)
has, previously obtained for the kinetics of the conductivity
ﬁvolution during thermal treatment. Furthermore, the nu-
. : merical coefficients have about the same value when one
Fig. 5. For each sample, the(T) data were fitted to extrapolates Eq(4) for temperatures up to 120 °C. Taking
T=T,=120°C in Eqg.(4), one obtainsT,/c=21+3 h as
, (2A)  compared tor=17+3 h derived from Eq(1) in the case of
T,=120 °C. Thus it appears that the observed conductivity

g= O'OeX _T
decrease during aging is entirely determined by the variation

with o a constant. In general, the best fit was achieved fo[)f T,, the main parameter representative of the hopping
a=0.5, as observed in Fig. 5, except for the samples W'”?nechanism

aging time_s sh(_)rter than seven hout9(... T6). Ther_efor_e, The other remarkable result coming out of the experi-
for long aging timessamplesT7 to T12), the conductivity is  \ants appears in Fig. 8. In this figure, the whole set of data

well described by the following law: has been plotted as a function of the unique reduced variable
(cta/T)l/Z. One can see that all the experimental points re-

o

AL L markably merge into a single universal curve. Therefore, if it
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FIG. 5. Temperature dependence of the conductivity for PPY- FIG. 6. Temperature dependence of the relative conductivity for
ANS2 samples with various aging times. the nonaged sampl¢,=0).
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FIG. 7. Variation of the parameté¥, derived from Eq.(2B) FIG. 9. Plot of IfW(T)) versus InT) for the nonaged sample
versus aging time, . (ta=09).
does exist, a power-law temperature dependence of the pre- W(T) = d In(a(T))
factor o should be of the formdt,/T)”. Actually, the best daT

numerical fits lead to the conclusion théshould be neces- From Eq. (28, we obtain INW(T)=A—aInT, where
sarily smaller than 0.5. As a first approximatian, can be _
A=aIn(Ty)+In(a).

considered as constant and neither temperature nor aging On the one hand, for the aged samglEs1, for instance

time dependent. g=20 Sicm. In other words, the param- . o in Fig. B the curve of IngV) versus In") is linear
eterTg is the only one relevant to describe the ConductIVItya d the best fit leads to an estimated valuedfaf 0 47. On
decrease and 'Fh's leads to a remarkably simple expression ﬁlpe other hand, for the nonaged sample we cIearI&/ obtain two
In o as a function of, andT: distinct regimegFig. 10. The low-temperature data can be
ct.\ 12 fitted with a straight line, the slope of which is about 0.45.
-2 This is in agreement with the fact that E§B) accounts well

T for the variation ofo in this temperature range. The high-

Such a hopping-type dependence cannot describe the cofgmperature range with a lower value @fcorresponds to a
ductivity of the highly conducting samples with aging time More slowly varying conduct|V|ty._Other models and tr_ans-
less than a few hours, i.e., samplE8, T5, andT6. A com-  Port mechanisms must be taken into account to explain the
mon feature of these samples is that the plot 6&Jrversus high-T regime. Typical crossover temperatures between the

1/\/f can be regarded as linear in the low-temperature rangEN0 regimes are 35 K fo,=0 and 45 K fort, =900 s.

o N : In this respect, we have tried to fit our data with the
before deviating significantly at higher temperatures a L ' ; .
shown in Fig. 6 for the reference samie. %luctuatlon-lnduced tunnelingFIT) model of Sheng dedi-

As suggested in Refs. 2 and 19, an alternative way t ated to the case of a parabolic insulating batfibetween
determine the exponent of the hopping law consists of 1&g conducting grains. The conductivity is given by

In[o(ty, T/ og]=—

calculating the reduced activation energy, T
o=ogexp — —— (5)
0 T+To)’
Y L B
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107 e | 22 P
; - ° b o éample r1
E * TN ] e a.a
102 & o Tiz|Y 2 s N
/é x — %o
L ] "’: 1.8 2 e}
E\n/ 104 'g E °
© 1 £ 16 2.
106 h o
s 1.4 2
r eaa k| ° o
108 Bt : ey
0 10 20 1.2 s
(ct, /T N 3 35 4 4.5 5 5.5 6
In(T)

FIG. 8. Universal curve obtained by plotting the conductivity as
a function of the reduced variablet(/T) for samples with various FIG. 10. Plot of IfW(T)) versus In{) for the aged sampl&11
aging times. (t,=1.7x10° 9).
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FIG. 11. Fit of the experimental data with the aid of the
fluctuation-induced tunneling modgq. (6)] for the nonaged PPY/ FIG. 12. Variation of the thermoelectric power as a function of
ANS2 sample(t,=0 ). The parameters derived from the fit are temperature for the sampl&®9, T4, T8, T9, T10, andT11.
00=2.36,Tq=375 K, andT,;=142 K. The fit is valid above 50 K

only. method. The principle of the method was first discussed by
Chaikin and Kwak! The samples were mounted between
where oy, T4, andT, are constants. two electrically isolated copper blocks placed upon a copper

As shown in Fig. 11, for the nonaged sample, there id1€at sink, and isolated from the latter. The copper blocks
good agreement between the experimental data and the ¥iere glued with heaters. The temperature gradient between
using Eq(s) on a wide temperature range. A rather goodthem never exceeded 0.5 K and was controlled with a
agreement is also obtained for the sample with aging timéonstantan/Cu thermocouple. A carbon-glass resistance to-
ta:600 S. Neverthe]essy at low temperature, a discrepan(gether with a platinum resistance mounted in the heat sink
between the data and the FIT model appears. For théere used to monitor the average assembly temperature. The
nonaged sample, the deviation starts at about 50 K. For theutput from the sample/Cu thermocouple was applied to the
Samp|e with aging timea:GOO s, the crossover temperature Yy axis of a recorder, and the output from the Constantan/Cu

is higher; the FIT model is valid in a narrower range and isthermocouple was applied to theaxis of the recorder. Feed-
less highlighted. ing the current alternatively to one or the other heater, the

temperature gradient could be swept from negative to posi-
V. THERMOELECTRIC POWER VERSUS TEMPERATURE tive values. The .resultlng plot is a stralght line, with a slope
equal to the ratio of the thermoelectric power of the two
The thermoelectric power of the material was measuredhermocouples, sample/Cu over Constantan/Cu. The ther-
by using a slowly varying, alternating temperature gradientopower of coppeiSc(T), was taken as a linear function of
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50 100 150 200 250 300 electric power data withS(T)
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parameters are listed in Table 1.
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o tivity of the sample prevents any accurate thermoelectric
s R power measurement. Therefore, the whole data set can be
a . ’ fitted using a sum of three contributiorS(T)=AT+B

: +C/T whereA, B, andC are only weakly temperature de-

s pendent. The values of these parameters are listed in Table Il
-4 z and the results of the fittings are presented in Fig. 14.

<

S(T)(10°V/K)

Sample T11

Cample T VI. INTERPRETATION OF THE RESULTS IN TERMS
10 OF CONDUCTING POLARONIC CLUSTERS

b o e e

The conductivity evolution with aging time and tempera-
2 ture can be accounted for in the framework of two limiting
-10 conduction processes, standing for long and short aging
0 0005 001 0015 002 0025  0.03 times. However, a unified picture of the aging process will
UT(K™) emerge. Let us first focus on aged samples.

FIG. 14. Thermoelectric power versusllfor the samplesg'8,
T9, T10, andT11. For clarity, only the points corresponding to
temperatures below the minimum of théshaped curves of Fig. 1. dc conductivity
12, where theC/T contribution is expected to prevail, have been
plotted.

A. Long aging times

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-
T with a room-temperature value of 1:6//K. We were not range hoppingVRH) model? the transition rate for hop-

able to extend the thermopower data to very low tempera-© bet localized ters |
tures for the aged samples because of the difficulty to med2!Ng Petween localized centers 1s
sure low voltages in high resistivity samples. B _ _

The thermoelectric power temperature dependences of P=Ppoexp(—2yr)exp(— AE/KT),

samplesT0, T4, T8,T9, T10, andT11 are shown in Fig. 12. wherep, is a constant; the distance between two sitesy1/
We observe rather low thermopower values. For the unageghe decay length of the localized wave function, & the
sample, a room-temperature value of 9/8/K was mea-  activation energy for the hopping process. By maximizing
sured. Room-temperature thermopower displayed a changgith respect ta, Mott then predicted the temperature depen-

of sign as a function of aging. The data obtained for samplegence given by Eq(2A), where« is determined by the di-
TO and T4 are well described on the whole temperaturemensionalityd of the carrier hopping: a=1/(d+1).

range with a linear law of the forn$(T)=AT+ B, which As a matter of fact,a would be equal tol for one-

accounts for the fact that the thermopower does not extraptimensional transport. But in this model the preexponential
late through the origin as can be seen in Figs. 12 and 13. Afactor should vary with temperature asTlih contradiction
the early stage of the aging process, the thermopower datg experimental results in whiah, does not depend on tem-
appear to be rather insensitive to the details of the tempergyerature. Besides, it has been emphasized that extending
ture dependence of the resistivity and the slope ofSfiE)  Mott and Davis’ arguments to 1D systems is not correct and
curves remains nearly constant. Our data are similar to retat the conductivity follows a thermally activated law in the
sults obtained from polypyrrole sampté$® and from a  case of 1D VRH?3!
number of partially doped conducting polyméfs?® Wanget al? interpreted thex=3 exponent by invoking a

For samplesT8 to T11, the temperature range can bemodel of quasi-1D variable range hopping. For weak inter-
divided into two regions (Figs. 12-14. The high-  chain coupling, only the nearest-neighboring chains are con-

temperature regime remains linear and no clear evolution ofidered. The interchain hopping conductivity perpendicular
the slope with aging could be brought to the fore. In thetg the chain is expressed as follows:

low-temperature range, there is a clear deviation from linear-

ity. Benderet al?? also found that thermally aged samples 2e’g(Ef )bzyph(tl )2 To| Y2
develop extra structures in their low-temperature ther- o= AZ2 exp{ - (?)
mopower. Moreover, the behavior is similar to the character-

istic U-shaped dependence well known for HCI-dopedwhere 7 is the mean-free timdy the transverse localization
polyaniline?” Such a dependence was also observed ifength,A the average cross section of each chg{fEg) the
PANI-CSA/PMMA (polyaniline camphor sulfonic acid/ density of states at the Fermi leve], the interchain transfer
polymethylmethacrylate blends near the percolation integral,v,, a typical phonon attempt frequency0t®* Hz),
threshold?®®?° The crossover temperature separating the twand

regions is an increasing function of the aging time. In the

low-temperature range, the data can be fitted using the rela- 8vy

tion S(T)=C/T+B as can be seen in Fig. 14 where the Tozm’

values ofS obtained for sample§8 to T11 for temperatures

below the minimum are plotted versus'1For the less aged wherey is the inverse of the longitudinal localization length.
samples, such d-shaped dependence could not be observed The interchain hopping conductivity parallel to the chain
but it may occur at lower temperatures where the high resisdirection is given by
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ezvphtfrz T01/2 70 P T T T T 200
T AZkgThZy exr{ (T) }' 6ok °. . +3 100
wherez is the number of nearest-neighboring chains. Due to - 0F " 1" =
the finite polymer length and occasional large interchain bar- £ 40 F * {0 &
riers, the interchain conductivity is expected to be much % o 3 ¥ 3 160 3
smaller than the intrachain one. It should determine the ob- £ b . : ] g
served temperature dependence. 0 + . 7 150
In this model, T, and the prefactooy are both functions ok " .3 140
of g(Eg) and of the longitudinal localization length. : ]
Thus, o, can be partly expressed as a function of L — 130
To:  0u*g(Eg)/TE for the perpendicular interchain conduc- 0 200 400 600 800 1000 1200 1400 1600
tivity and o, 1/yT} for the parallel one. Since, on one hand, (ta(s))™
T, is proportional to the aging timg, and vy is expected to
increase with aging and, on the other hag@Eg) is more FIG. 15. Evolution of the conducting clusters’ diamedesind of

likely constant or possibly slightly decreasing, one shouldtheir separatiors as a function of the square root of the aging time

expect in both cases a two order of magnitude decrease fés: These values were derived frofy, with the assumptios+d
05, Which is in complete disagreement with the results. =200 A. The parameteF, itself was deduced from the whole tem-

A value of the exponent equal to% is also expected perature range for long aging timés,>10° s) and from the low-

when the conduction mechanism is controlled by Coulomg€MpPerature data for the short aging tinfgs<10°s) (see text The
interactions that create a gap in the density of states near tﬁ'grt'cal line separates the long- and short-aging-time regimes.
Fermi level as shown by Efros and Shklovskithe density )
of states tends towards zero as the square of the ertergy T :ﬂ s 1 (6)
referred to the Fermi level. In that case and in contrast with 0" kg d? i14s/d’
the two previous models, the prefactor is regarded as con-
stant. However, some studies have pointed out that thivhered is the average diameter of the clustethe average
model is relevant only at very low temperatures and that thelistance between the clusters, addthe on-site Coulomb
conductivity is expected to exhibit a smooth crossover to theepulsion with an estimated vali&om electron spin reso-
Mott behavior at higher temperatures=3).2°320n the con-  nance measuremehtsf about 2 e\?*3°
trary, for aged samples, the temperature dependence of the We assumed that the Coulomb repulsidmemained con-
conductivity is well fitted witha=3 from 15 K up to room stant as a function of aging. The x-ray photoemission spec-
temperature. Moreover, in the framework of this motile  troscopy measurements, especially the $§)(&pectra, have
localization length, which is proportional toTl, would be indicated a slight dedoping with aging. One could thus ex-
decreased by two orders of magnitude upon aging. Such ect a slight change in the on-site Coulomb repulsidn
huge variation is very unlikely to be of physical significance.Nethertheless, the paramefgydisplays an increase of more
The Efros-Shklovskii model can thus be ruled out. than two orders of magnitude with aging. Such a huge varia-
To our knowledge, the last model leading to the formertion cannot be ascribed to a changddnthat should remain
functional dependence was proposed by Zuppebhl®Itis  around a few eV. Therefore, most of tfig evolution can be
based on the Sheng model of charging-energy-limited tunnehttributed to the geometrical characteristicandd. At least
ing (CELT), originally proposed for granular metals in which in a first approximation, the assumption of a constdnis
conduction is supposed to proceed from tunneling betweethus partially justified. d ands are related to the average
small conducting grains separated by insulating barfiérs. distance between dopants ion%,and to the local average
Apart from the tunneling process, the number of charge cardistance between dopants inside a cluséehy the relation
riers, which is controlled by the charging eneilfy, appears 6/6=d/(d+s). The charging energy is expressed as follows:
as a crucial parameter for the conductivitye. is nothing
but the electrostatic energy required to create a positive- 2Ua
negative charged pair of grains. The basic assumption of the Ec= m @)
model is thate, is large as compared to the thermal energy
kT. Such a condition is all the more easily fulfilled as thewhere a is the monomer size. In the following, we have
grains are small. The major aspect introduced in the moddbkena=5 A. From the evolution off;, we have estimated
by Zuppiroli et al. concerns, on one hand, the nature of thethe dependence of and d with the aging time. We as-
conducting state and, on the other hand, the origin and theumeds+d constant and of the order of 200 A, which ap-
characteristics of the grains clusters in the following, inpears to be, for example, the order of magnitude of the grain
strongly disordered conducting polymers. The conductingsize in polyaniline as derived by Zu al*® This choice will
clusters are highly doped polaronic islands generated by hebe justified by the coherence of the model detailed in the
erogeneities in the doping distribution. The dopant ions acfollowing. In such a case, as illustrated in Fig. 15, the diam-
as tunneling bridges between neighboring chains and ther@terd of the clusters decreases with increasing aging time,
fore improve the charge carrier motion. The prefaetgris  while the intergrain separation increases. In this picture, the
considered as temperature independent in a firstonductivity decrease with aging results from a progressive
approximatior?> As concerns the paramet®&, it is given  degradation of the conducting islands. Therefore, the degra-
by dation mechanism would very likely be initiated at the grain
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TABLE Il. ParameterdA, B, andC deduced from the fit§(T)=AT+B+C/T for the sample§ 0, T4,
T8,T9, T10, andT11.

Sample TO T4 T8 T9 T10 T11

B (uVIK) 0.74 1.05 4.16 4.45 33.1 35.7
A (uVIK?) 3.410°? 3.210°? 4.110°7? 1.410°? 7.410°? 5.3102
C (uV) <20 <20 52.5 94.7 2843 3189

surface, i.e., in the intergrain zone which is actually the de-experimental linear contribution to the thermoelectric power
fective zone. More precisely, for long aging times, the linearshould very likely proceed from the highly conducting clus-
dependence of ; with aging time can be understood with a ters.
parabolic variation ofs with the timese\/t,. Such an in- In amorphous semiconductors, in which hopping between
crease of the distance between two conducting grains is simpand tail localized states dominates the transport process, the
lar to that observed for corrosion where the barrier separatiothermoelectric power can be writtétf as
is replaced by the thickness of the oxydized Ia¥er.

In their work, Zuppiroliet al. paid particular attention to S(T)=B+CIT, ©)

the basic questions concerning the multiphonon aspects @fhereB andC are determined by the energy distribution of
hopping. The electron lattice coupling constanis nothing  the density of localized states and by the nature of the scat-
but the ratio of the polaron binding energy to the vibra\tionaltering process. Moreover, &, is the energy gap at the Fermi
energyhw corresponding to the typical phonons involved in energy, one getsB~Eje. From the data, we derive
the hopping process. For a polaronic cluster witmono- g —0.05 meV forT8 andE,=3.2 meV forT11. These val-
mers, it isg=Ey/nAw~5/n, whereE, is the lattice defor- g5 seem too small for the model to be consistent since
mation energy. Taking the derived values for thg cluster sizgg»k-r is required. Nethertheless, as explained further, it
leads to the conclusion that we are always in the weaksnould be pointed out that the heterogeneous structure of the
coupling limit. Therefore, the basic assumption of the modelnaterial leads to additional prefactors preventing an accurate
is fulfilled. _ _ estimation of the gap. Such a contribution should be charac-

A similar functional form of the behavior of the conduc- teristic of the insulating barrier separating the polaronic clus-
tivity change with the temperature has been observed ifg(g.
other conducting polymers, such as PANI and PANI  at this point, let us now review the predictions of the
derivatives® Nevertheless, comprehensive analysis of theyther conduction models previously discussed, as concerns
conductivity data in these various conducting polymers ishe thermopower behavior. In the case of the Efros-
needed to discriminate among the different conduction modsn|oyskii transport modelS is expected to be constafth.
els. Several models for the thermoelectric power behavior have

been proposed in the case of the variable-range hopping
2. Thermopower transport mechanism. It appears tBataries asT*?, T4 or

The picture which we invoke to account for the conduc-Tg “T¥*+ T in three dimension$*"**None of these models
tivity evolution can be related to the thermoelectric powercan actually account for our data especially in the low-
data in the framework of the Kaiser model for heterogeneoutemperature range, where variable-range hopping, if ever it
materials>® We will first briefly review the models relevant occurs, is expected to prevail.

in homogeneous media. In quasi-1D VRH?' S(T) is given by
A linear temperature dependenc®(T), usually corre- )
sponds to the characteristic thermopower of a metal due to _ i ﬂ d Inf(E)g(E),u(E)|
; : S(T) ,
tunneling between states Bt . This has already been ob- 2e kT dE |

. . . _26 . _
served in highly conducting polyacetyleffe® For a disor whereW is the range of energy contributing to conductién,

dered system, with a partially filled band there is a finite. S S SO -
density of state at the Fermi energy. If the disorder is suffi-> the Fermi distribution functiony is the mobility, andy the

ciently weak thatEg lies in the energy range of extended density of states, Acc.ording to Mot and. Davil is as-
states. the thermo Fower is exoressed as folfows: sumed to be the hopping energy. For the interchain hopping
' P P : in quasi-1D VRH, Wxk(T,T)*2 and thusS=T,. For the
a2 |d Ina(E)‘ intrachain hopping, one_he\,ev'ock'_l'O and ther_eforeSOC_T%/T.
S=— T ' (8)  The total thermopower in quasi-1D VRH is contributed by
3q dE ‘EF both interchain and intrachain hopping, so that the expected
T dependence is of the foriB+ C/T. Nevertheless, in the
wherek is the Boltzman constany is the charge of the framework of this modelB and C should be of the same
carrier,E is the Fermi energy, and the energy dependence afign which is experimentally never the case as can be seen in
the conductivity,o(E), generally arises from both the band Table Il. Moreover, it can be easily shown that for samples
structure and the energy dependence of the scattering timel'8, T9, T10, andT11 the ratioC/B is not a linear function
The positive sign of the slopes of tI%T) curves in the of Ty deduced from the conductivity data contrary to what is
high-temperature limit indicates that the dominant conducexpected in this model. Sampl€8, the conductivity of
tion mechanism takes place above the Fermi level. Thus, thehich follows the(2B) law on the full temperature range,
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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 tHeexponent is the result of the

granular structure of our very disordered material and not of 7 *1%* 700
a quasi-one-dimensional VRH process. 6 A 500

As strongly suggested by the conductivity measurements,
our samples display a granular structure. Therefore, the total 5 500
thermoelectric power should be the superposition of the two 4 //
contributions corresponding to the conducting grains and to g 400
the insulating barriers. For a heterogeneous material, made ° pavi
up of metallic and amorphous semiconductinglike regions, 2 /] s00
one has to take into account the nonlinearities of the tem- , y / 200

perature gradient due to the different thermal resistaki¢,gs %//
and W, of each region. In the very simple case where the 0 100

two types of region are in series along the thermal gradient, 0 05 " (1065)"5 2 25
the thermopower can be expressed as the sum of twoarts, ¢
AT AT FIG. 16. Plot ofB/A andC/A versus the aging timg, .
m

S=3T St g7 S
blends near the percolation thresh#d® As the blends are
or using the proportionality between the thermal resistanceliluted, the temperature dependence remains linear at high
and the temperature gradient 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
whereW and AT are the total thermal resistance and tem-paNj-cSA/PMMA blends. On the one hand, the highly con-
perature gradient, respectivelyl, andATg are the sum of  §,,¢ing islands in the polypyrrole samples correspond to the
the temperature drops in the metallic and the amorphougighly conducting PANI regions in the blends and lead to the
semiconducting regions, arig}, and S their intrinsic ther-  inaar term in the thermoelectric power. On the other hand,
moelectric powers. Replacin, and Sy by their values o |ess conducting regions separating the conducting clus-
from Eqs.(8) and(9) leads to a functional dependence with o5 in polypyrrole correspond to the insulating matrix of

three contributions,S(T) =AT+B+C/T. Therefore, the py\vaA and are related to the semiconductinglike contribu-
changes observed in the rati@A and C/A, as deduced ions in the thermoelectric power.

from the fittings ofS(T) =AT+B+C/T on the experimental At this point, we are dealing with a representation of both
data, should_ reflect a possible evquuoq of the microscopiGhe conduction mechanism and the aging process, which re-
parameters included in the thermoelectric pPOW&FSOr Ssc,  markably accounts for the temperature and time evolution of
like |d In o(E)/dE]g_ or Eg, but also the variation of the rela- e conductivity and the temperature dependence of the ther-
tive proportion of the two phases through the ratig/W,,,.  mopower, at long aging times. It is therefore tempting to
Thus, B/A and C/A are expected to increase with aging, consider the case of short aging times starting from the
together with the size of the amorphous semiconducting reframework of this picture. The extrapolation of the variation
gion. of s andd leads to larger clusters at short aging times. Given
In a very simplified wayB/A andC/A can be related ts  the fact that the charging ener@, is a decreasing function
andd, the relevant lengths for the semiconducting and meof the grain size, one expeck, to be smaller and smaller
tallic regions, and to their thermal resistivitipg andps. by ~ when going to shorter and shorter aging times. Sgés of
the order of the thermal energy at room temperature for
B EM Wse PscS sampleT7 (t,=10° s) (see Table Il and the next sectipiit
AA W, pnd

W, W
S(T)= W Snt W Sser

TABLE lll. Grain size, intergrain distances, arif}. orders of
magnitude derived fronT, [Eq. (6)] for the sampleTO (t,=0 9
and for a long-aging-time samplg7 (t,=1.7x10° s) supposing
thatd+s=200 A. At room temperatur&kgT=2.58x10"2 eV.

The experimental variation d/A andC/A are reported in
Fig. 16 as a function of the aging time. They are both in-
creasing and nearly linear functionstgfand display a strik-
ing similarity with the behavior of/d as deduced fronT,.
Actually, from Eg.(6), one can derive in a first approxima-

) . ' SampleTO SampleT7
tion thats/d=Tyxt, for long aging times.

The precise relationship betwe@iA, C/A, ands/d is  t, (9 0 10
certainly more complex but it can be deduced from theT, (K) 90 938
former discussion that the analysis of the thermopower dats/d 0.016 0.054
strongly supports the idea that the metallic cluster size uns (A) 3 11
dergoes a clear decrease with aging. To give additional supt (A) 200 190
port to our picture, it must be pointed out that a similarg,_ (ev) 3x10°3 1x1072

U-shaped dependence was observed in PANI-CSA/PMMA
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TABLE IV. Cross-over temperatures abov&IT) or below TABLE V. Barrier parameters derived from the phenomenologi-
(Zuppiroli) which the discrepancy between the best fits based oral model of SchimmelEgs.(10) and(11)] for sampleTO (t,=0 9.
Eqg. (5) or Eq. (2B) and the experimental data are within a maxi- The data points were fitted on the whole temperature range or above
mum of ten percentTc is the theoretical transition temperature 100 K.
between the two distinct transport mechanidsee text

Limiting fit temperaturg(K) T>15 K T>100 K
ta (9 0 900 s A) 26 0
Crossover temperature T<54 K T<88 K AE (eV) 1.79<1072 4.8x1072
for the Zuppiroli fit[Eq. (2B)]
Crossover temperature T>16.5 K T>24 K
for the Sheng fifEq. (5)] rived from the Zuppiroli model. With this aim, we used the
T(Ec=kgTe) 35K 44 K phenomenological relationships betwéky T, and the bar-

rier parameters, proposed by SchimifieThe height of the
barrier is given by

is clear that the CELT between conducting clusters can only

be valid at lower and lower temperatures when going from AE=kgTy, (10
samplesT7 to TO. In agreement with our previous analysis, . . . .

another model must be invoked in these samples for temv—vhIIe its widths is related 10T, andT, by
peratures higher than a crossover temperaiyreequal to

aboutE/k. This point will be discussed in the next section. ;: J2mAE %S (11)
0
B. Short aging times Orders of magnitude ak E ands derived fromT, andT, are

given in Table V for the samples with aging tinbg=0 and
t,=600 s. The numerical estimates of the barrier width in
general do not differ much from our estimated valtes
Moreover, they are consistent with the independent determi-
nation obtained from the conducting cluster model. Yet, there
temains a slight deviation between the two determinations
for s. This discrepancy may have several origingi) The
FIT model reduces the general behavior of a whole set of
different junctions to the one of a single junction with appro-
riate values ofl; andT,. Therefore, the calculated param-
ters represent only an order of magnitude of the average
haracteristics of the barrier§j) the imprecise determina-
tion of the parameter; and T, due to a limited fitting tem-
erature range. The complete application of the fluctuation-
duced tunneling mod¥ leads to barrier widths of the
same order of magnitude.
9 Finally, we attempted to correlate the temperature depen-

The charging energf . has been derived for the various
samples from Eq.(7). In the case of short-aging-time
samplesT, was estimated from the slope of thédn versus
INT plot in the low-temperature range. Thdrs, d, s, and
finally E; were deduced using the previous assumption, i.e
d+s~200 A. The results are summarized in Table Il and
Fig. 15 with those obtained for long aging times.

Using the relatiorE.=kT., we have estimated the tran-
sition temperaturel,, for a given E., above which the
model does not apply. The results are listed in Table IV. Th
values are actually in good agreement with those previouslx
obtained from the plot of IW(T) versus In{) (see Sec.)I
Thus, in less aged sampleg(,...,T6), we are dealing with
large clusters separated by insulating barriers. It is therefor
quite natural to invoke the FIT model proposed by Sh&hg.
In this model, the system is made up of large conductin

Ieading toa modulatio_n 9f the tunneling probability and in'tion observed on the beginning of the kinetics curve of Fig.
troducing a characteristic temperature dependence of thf

g . . ) X . Starting from the FIT law Eq5), and assuming that is
conductivity. Assuming parabolic barriers described by tWoe only junction parameter which varies with the elapsed

parameterd, and Ty, the conductlvny is expressed by Eq.. time, and that the height of the barrier remains constant,
(5). As a matter of fact, there is rather good agreement W'tneads to an expression ofas a function of the single vari-

the experimental data as shown in Sec. I. . . o
For both the nonagedTQ) and the 600-s aging time i}b;s}s(.)&;ﬂgdggmg temperaturg,, the following relation is

sample 1) we have performed a double theoretical fit. At
high temperature, using the FIT behavi@y. 6, we deter- p( Z\QAEs(ta)\/m
o=09

mined the temperature below which the deviation between _ )
(2v2T zks(t,) VmAE+ AEh)

the data and the theoretical law was larger than 10%. On the
opposite, using the hopping behav[érq. (2b)] at low tem-
peratures, we determined the temperature above which tHeeveloping this expression around the valuesait the be-
same deviation was larger than 10%, too. The results ar@inning of the thermal treatment, under the assumpfion
presented in Table IV. The good agreement and the cohef=<1, leads to the following relation: Ao/g>As. Again, a
ence between these independent estimates of the crossovaetal-like corrosion mechanism with a parabolic variation of
temperature gives an argument in favor of the conductinghe thickness of the oxidized material versus titde pro-
islands approach. portional to \/t_a) appears to be consistent with the conduc-

Let us now compare the physical parameters deducetivity degradation of the samples experimentally observed at
from the fluctuation-induced tunneling model with those de-its early stage £o/ox\lt,).
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At this point it is interesting to compare the present workover from one transport process to another with a threshold
with the work by Reghu and co-worketé.Reghu and co- characteristic of the charging energy and thus of the size of
workers are dealing with PANI/CSA samples near the metalthe highly conducting islands. The thermopower measure-
insulator transition in which, in a very simplified way, a scal- ments demonstrate clearly the heterogeneous structure of the
ing temperature dependence of the conductivity is changeohaterial and the decreasing contribution of conducting re-
to a variable-range-hopping law when the aging time in-gions to the electronic transport properties upon aging. They
creases on the insulating side of the transition. We are hergive strong support to the picture deduced from the conduc-
concerned with polypyrroles far from this transition, in tivity data.
which the fluctuation-induced tunneling temperature depen- Concerning the aging time dependence of the conductiv-
dence of the conductivity is replaced by charging-energyity, a parabolic relative decay was observed for short thermal
limited tunneling between clusters. Nevertheless, the trangreatment times as already observed on several conducting
port process which prevails in the aged samples considergmblymers. Yet, we pointed out a crossover towards a non-
by Reghu and co-workers seems not to correspond to the orgvial stretched exponential behavior for long aging times.
in our pristine materials. As a matter of fact, in the case ofWe have shown that this crossover is consistent with the
the PANI/CSA samples, the localized states seem to be hahange of the transport mechanism. The paramigjef the
mogeneously distributed inside the material during aging andonducting law entirely determines the degradation kinetics
therefore no well-defined conducting clusters seem to be creand a single expression can account for both the temperature
ated. On the contrary, in our polypyrrole samples the granuand aging time dependence @ffor the aged samples:
lar structure precedes any structural or chemical changes

. N . 1/2
through aging. In that case, the material is characterized by a ta
heterogeneous structure at the very beginning of the aging Ina(ta,T)oc—(?) :

process. ) o ] )
The key factor affecting the conductivity decay with aging

VIl. CONCLUSION seems to be the decreasing conducting grain size caused by
oxidization with a kinetic similar to those encountered in
In the present work, the effects of aging on the electroniccorrosion mechanisms, since a parabolic variatios wfith

conduction mechanism of polypyrrole were studied by com-aging time gives a suitable description of the two regimes.
bining the time dependence of the dc conductivity duringNevertheless, the details of such a degradation process are
aging at a given temperature and the temperature dependenaet yet understood but, considering the expected complexity
of both the conductivity and the thermoelectric power forand variety of chemical changes in the matefialss of
different aging times. Concerning the temperature depenstructural water, oxidization of the polymer backbone, de-
dence ofa, two distinct and characteristic transport mecha-fects on the doping centgrs the continuity in the
nisms have been identified that depend on the increasingvolution of the conductivity with the single law
disorder produced by thermal degradation. For the more agegl= oyexp(— \t,/7) suggests that some slow process is the
samples, the prevailing conduction mechanism is chargingimiting step for the various reactions leading to the forma-
energy-limited tunneling between polaronic clusters. Theion of the defects.
conducting grain size was estimated to be about 200 A. The
intergrain separation increases from 3 to 30 A after 1-month
aging at 120°C. For the less aged samples, the high-
temperature regime of the conductivity is characteristic of One of us(J.P.T) would like to acknowledge A. Moliton
the fluctuation-induced tunneling mechanism between largéor several suggestions about the study of conduction mecha-
grains. The samples with intermediate aging exhibit a crossaisms in conducting polymers.
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