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We present a comprehensive study of the aging process in HCI-doped polyaniline exposed to air. A complete
set of measurements was carried out on three series of samples stemmed from the same preparation batch, and
aged at 100, 120, and 140 °C for times up to one month. All the samples were studied by x-ray-diffraction and
conductivity measurements in the 4.2—-300-K temperature range, and by thermogravimetric and elemental
analyses. The analysis of the x-ray data points out the heterogeneous character of the aging process. An
amorphous phasé phasg is shown which grows at the expense, first, of the amorphous emeraldine salt
(ES-)) phase and, then, of the crystalline ES-I phase. We show that whatever the aging time, the conductivity
can be described in terms of hopping between conducting grains separated by insulating barriers leading to
a(T) =0y exd—(To/T)*?]. The thermogravimetric and elemental analyses data give evidence of several
chemical transformationgi) a slight dedoping due to HCI evolutiofij) an oxidation of the polymer back-
bone, andiii) a chlorination of the rings. We propose a picture for the aging mechanism that accounts for the
whole set of data with a particular emphasis on the quantitative evolution of bothghase volume content
and the hopping conductivity paramefigy. The pristine conducting grains would consist of a crystalline core
of emeraldine sal(ES-I) surrounded by “paracrystalline” and amorphous ES-I shells. The aging phenomena
would then appear as a nibbling mechanism of conducting grains due to a progressive transformation of the
doped polyaniline into thé& phase, starting from the grain periphery, i.e., the most disordered parts of the
material, toward the crystalline cores. Moreover, this model allows one to reproduce quantitatively the kinetics
of the conductivity decrease at a given temperatL$6163-18208)05936-7

[. INTRODUCTION (Panj for applications, almost no systematic study has been
carried out to quantify the long-term evolution of the con-

Considerable attention from scientists and engineers haductivity and obtain a better understanding of the relation
been paid to intrinsically conducting polymers such as poly-between the creation of chemical defects during degradation
pyrrole, polythiophene, and polyaniline because of their highand the decrease of the conductivity.
conductivity and their rather good stability. Among them, As a matter of fact, such studies, which consist of follow-
polyaniline, which is very cheap, and exhibits many interesting the evolution of the conduction mechanism as a function
ing properties related to its easy reversible protonation, apef aging, have appeared to be very fruitful in the case of
pears as one of the most promising for applications. polypyrroleé®=1" and poly (p-phenylenevinylene® In par-

A number of studies have been devoted to the thermdiicular, they have ledin the case of polypyrrojeto an un-
stability of polyanilinel~**mainly by means of thermogravi- ambiguous discrimination between the various conduction
metric analyses. A few of them reported data from othemodels proposed for polypyrrole. They clearly indicated that
characterization techniques such as elemental anal§$is,  electronic conduction proceeds through hopping between
differential scanning calorimety® x-ray photoelectron conducting grains separated by insulating barriers. As far as
spectroscopy (XPS),>37%10 infrared spectroscopy®>*~’  aging is concerned, it appears as a sort of nibbling of the
UV-visible spectroscop§/ and conductivity measure- conducting grains to the benefit of the insulating barriers.
mentsh24810-14The conductivity was clearly shown to de- Does the same picture apply in the case of polyaniline? A
crease with timé;>*191314yith a rate depending on the na- preliminary study carried out on highly conducting camphor
ture of the dopanfcounterion as well on the morphology of sulfonic acid protonated polyanilingPani-CSA concluded
the material. From the chemical point of view, several pro-in favor of a similar type of aging mechanisthin the case
cesses are invoked to take place in HCl-doped polyanilinef Pani-HCI, for which several studies have pointed out the
upon heating: loss of dopant, chlorination of the anilineexistence of isolated conducting islarfdshis question takes
rings, oxidation of the chains due to oxygen, hydrolysis, anda particular meaning.
cross-linking. But even though conductivity is one of the In this paper, we present a comprehensive study of the
leading properties of conducting polymers and of polyanilineaging mechanism in Pani-HCI under ambient air atmosphere.
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It is based on x-ray-diffraction measurements, conductivity B. Thermogravimetric and elemental analyses

measurements as a function of temperature, and thermo- Thermogravimetric analysi§TGA) was performed on a
gravimetric and elemental analyses on a series of samplésetaram TGDTA92 system. The analyses were carried out
coming from the same batch of pristine material and therusing 15 mg of powdered non-aged Pani-HCl and EB
aged at a fixed temperature for different times ranging fronsamples under a nitrogen or air flushing at a heating rate of
zero to ten days. This is, to our knowledge, the first x-rayl0 °C/min. Sample residual weighTG curve$ and its de-
diffraction and detailed study of the transport properties defivatives (DTG curve$ versus temperature were automati-
voted to the aging of polyaniline. We show here how resultsally generated by the Setaram system. Elemental analyses
of these two joint studies lead to a reliable picture for thewere performed in Laboratoire Central d'Analyses from
aging mechanism in Pani-HCI. Aging appears as an inhomacentre National de la Recherche Scientifigue in Vernaison
geneous process. All the data can be interpreted in terms éfrance.
conducting grains separated by insulating barriers. Assum-
ing, in the framework of this picture, that the aging process
starts in the most disordered parts of the unaged material, All x-ray profiles have been recorded in the same experi-
and then extends toward the crystallized inner part of thénental conditions. The powdered sample was placed in a
grain in a diffusivelike manner, we succeed in quantitativelycapillary glass tube of 0.5 mm in diameter. Tie radiation
accounting for both x-ray and conductivity data with only aof copper was produced by a 1200-W x-ray tulseifery,
few parameters. From elemental and thermogravimetrithen theKa1 radiation was selected by using a curved crys-
analyses, it appears that the loss of dopant is not the leadiriglline blade of GéL11) as a monochromator mounted in an
process of aging. We suggest that oxidation of the chains bgsymmetric Johansson configurati¢gtubep. The two-circle
air oxygen works as the activating factor for subsequengoniometer we used was based on a PW 1835 one from
chlorination of aniline rings. Philips. The diffraction experiments were done by using the
This paper is organized as follows. Experimental detailsso-called Debye-Scherrer geometry, in which the x-ray beam
about samples and measurements are given in Sec. Il. Theas focusing on the detector window after passing through
chemical mechanisms of aging are discussed from elementtlie sample. The detector was a linear multichannel position-
and thermogravimetric analyses in Sec. Ill. Section IV issensitive one from Raytech. It was constituted of 1024 chan-
devoted to a thorough analysis of the x-ray data. The data weels placed every 0.02° ir2When recording an elementary
obtained for the temperature dependence of the conductivité step scan, we used 800 channels as an aperture of the
are reported and analyzed in Sec. V. Finally, a discussion afetector window, a physical step of 0.06° i@ and a step
the results and their interpretation in the framework of theduration of 4 s. Such a scan was then repeated 10—-18 times
conducting grains picture are presented in Sec. VI. for each sample and the sum of all these recordings gave a
profile which was normalized in order to be compared with
the others. The diffuse background due to the air and the
Il. EXPERIMENTAL DETAILS glassy tube was periodically evaluated and subtracted from

the diffractograms in order to keep only the signal scattered
A. Synthesis, preparation, and aging procedure of samples from the sample itself.

C. X-ray analysis

Emeraldine hydrochloridéPani-HC) was synthesized by
a conventional method developed by Mac Diarreidal >°
Typically for synthesis conducted at5 °C, the polymeriza- Conductivity measurements have been performed on pel-
tion was stopped after 90 min, and the reaction medium walkets obtained from powder by applying a 9-tonsfqmessure
filtered?! A green-blue precipitate was collected and washedor 3 min. Absolute values of the room-temperature conduc-
with copious amountsfal M HCI until the filtrate became tivity have been obtained by the four-point metfédypi-
colorless. Pani-HCl was then dried overnight at 50 °C undetal values of the spacing between the aligned point contacts,
nitrogen flushing at a constant pressure of 25 mbar. Thighickness, and diameter of the circular pellets were 1, 0.8,
as-synthesized emeraldine hydrochloride was deprotonategthd 8 mm, respectively. Conductivity values were deduced
by stirring in 0.1 M ammonium hydroxide for 72 h. The under the assumption of a semi-infinite medium, and cor-
emeraldine bas€EB) obtained after this dedoping procedure rected for a finite sample size. The temperature dependence
was filtered and washed several times with water. It wasf the conductivity was also measured by a four-contact
dried to constant weight under,Mit 25 °C(~24 h at 25 method. To establish a good electrical contact, four flat gold
mbay. The EB was converted into Pani-HCI by protonation pads were pressed on the sample. The probe head was placed
in a 1 M HCl aqueous solution for 24 h. This reprotonatedin a continuous-flow helium cryostat permitting operation
Pani-HCI was then dried to constant weight under &  between 5 and 300 K. The sample temperature was measured
25 °C (=24 h at 25 mbar and used in the following aging by a rhodium iron resistance thermometer. The accuracy of
procedure. Pani-HCI powders were aged under ambient air ghe temperature measurement is betten th& atroom tem-
three different temperatures: 100, 120, and 140 °C. Typiperature, and better than 50 mK at 5 K. To eliminate voltage
cally, for a given temperature, seven samples of about 106ffsets, the conductivity was always measured for both po-
mg of Pani-HCI originating from the same batch were placedarities of the current. Furthermore, linearity was checked for
in an oven. They were removed after different aging titjes each point. Current was supplied by a Keithley Model 220
ranging from 52 min to ten daysee Tables | and )l The  current source, the potential of the two voltage contacts was
choice of the different aging timefs, was adapted to the measured independently by two electrometékeithley
progressive slowdown of the conductivity decay. Model 6512 using the guard technique.

D. Conductivity measurements



PRB 58 MODEL FOR AGING IN HCI-PROTONATID . . . 7639

10
w 0,0 |~ e 0
s R ~ -10} -
3 5 / N\ g
w 9 0.2 ¢ o 3 = .20
T o 92°C  y495°C ‘-. T
F o303 260°C 7 S ol
o = 520°C | =
w =2 04
= 2 -40}
E $-05! ] —— OXYGEN EFFECT ON PANI-HCI
Z i : 53ooc~—- -50 L L 1 ! ) )
i -0,6 : ' : : : 100 200 300 400 500 600
o 100 200 300 400 500 600
TEMPERATURE (°C)
TEMPERATURE (°C)

. . . . FIG. 2. Thermogravimetric analysis of Pani-HCI: difference of
FIG. 1 Thermogr_awmetrl(_: arjaIyS|s of th_e emeraldine base EBehavior under air and under nitrogen. The curve is obtained from
(dotted ling and Pani-HCl(solid line) under nitrogen atmosphere. . jitference of the sample residual weight curvE§ curves
The curves represent the derivative of the sample residual weighfj,i-ined in both conditions.
(DTG curves.

. THERMOGRAVIMETRIC AND ELEMENTAL only to a very partial recovering of the conductivitNev-
ANALYSES ertheless a slight deprotonation exists, as confirmed by DTG.
The difference in shape between the first maximum for the
The DTG curves of the EB and Pani-HCI under nitrogenEB and Pani-HCI suggests that, in the case of Pani-HCI, not
are shown in Fig. 1. The thermogram of the EB shows typi-only a desorption of water is observed. We propose that be-
cal two-step weight loss behavior, as can be deduced frofow 160 °C, Pani-HCI loses mainly water and a small pro-
the two maxima of the DTG curv&:?* The first one extends portion of gaseous HCI originating from a slight deprotona-
from room temperature to 150 °C. It can be attributed to aion process. But most of the HCI loss should then occur
desorption of water molecules physically sorbed in the poly-during the second weight loss together with water molecules
mer matrix?>?® The second weight loss starts typically which are more strongly bonded to the polymer in Pani-HCI
around 425 °C. This has previously been attributed to therthan in the EB. The third step consists mainly of a thermal
mal decomposition of the polyaniline backbone structdre. decomposition of the polyaniline backbone.
The thermogram of Pani-HCI shows a typical three-step Under air, the second weight loss of Pani-HCI| seems to
weight-loss behavior also observed previously by othedisappear. This suggests that an oxidation process takes
authors! The first weight loss corresponds to a maximum atplace in the same temperature range, and tends to compen-
115 °C. The second weight loss occurs between 170 anshte for the weight loss previously observed under nitrogen.
320 °C, and is followed by a final step starting at 420 °C. Therefore, to reveal the effect of oxygen on the thermal sta-
In order to study the chemical change, the chemical combility of Pani-HCI, air, and nitrogen thermograms were sub-
position of unaged and aged samples was examined by elracted. The resulting curve is shown in Fig. 2. An additional
emental analyses. The mass fraction of oxygen was derivegiain of mass under oxygen occurs between 150 and 300 °C,
in order to complement the sum of carbon, hydrogen, nitrofollowed by a pronounced loss above 380 °C. This mass up-
gen, and chlorine fractions to 100%. The data are reported itake can be attributed to an oxidation process. Then the re-
Table I. The most striking result is the very low decrease ofsidual modified polymer burned under oxygen. The existence
the chlorine concentration upon aging in air. Less than 10%f such an oxidation process is also clearly supported by
of the total mass of chlorine has disappeared after ten days atemental analyses. Upon heating in air, one can observe a
140 °C probably through gaseous HCI evolution. This resultegular and large decrease of the H/C ratio as a function of
is in agreement with that of Ref. 2. It rules out the hypothesisaging time, while the O/C ratio is first decreasing and then
of the loss of dopant as the main aging mechanism for Panslightly increasing at long aging times. Since only a few
HCI in air. Redoping with HCI after aging in nitrogen leads parts of HCI have quitted the material, most of the H/C ratio

TABLE |. Elemental analysis of Pani-HCI as a function of the aging time at 140 °C. Chemical compo-
sitions are normalized with respect to the carbon one, which is maintained constant at 6.00.

Elemental analysis Chemical composition

ta(minf C((%) H®% N (%) Cl (%) O (%) C H N Cl @)

0 58.90 5.31 11.22 11.56 13.00 6.00 6.44 098 040 0.99

52 60.67 4.72 11.59 12.02 11.00 6.00 593 099 040 0.82
181 61.29 4.47 11.72 11.87 10.64 6.00 521 098 039 0.78
1398 62.37 4.10 12.16 11.78 959 6.00 470 100 0.38 0.69
4298 62.04 3.84 12.24 11.59 10.29 6.00 442 101 038 0.75
15798 61.40 3.52 12.31 11.00 11.70 6.00 410 103 0.36 0.86

g~ wWNPFO
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decrease can be attributed to an evolution of water mol- F
ecules. This evolution leads to a reduction of the O/C ratio, ¢
as observed experimentally at short aging times. Therefore a :

concomitant and progressive oxidation of the polymer has to

€
be invoked to explain first the stabilization of the O/C ratio F /f/\\\‘“d\
and, then, its further increase. This point is evidenced when . ‘/J\/\j\\«\

trying to account for the raw data of Table | using chemical
formulas. Considering the unaged sample, a very good
agreement is obtained with §B8,4gN;)(HCl)g 4(H50)4 o

Intensity
T
%"

Conversely, for the sample aged for ten days at 140 °C, a
the data can only be accounted for by E W T et
(CeHz.64N100 8¢ (HCl)g 36 This formula is consistent only if 0 20 40 60
it is considered that the chains have been oxidized. Only 20 (degrees)

assumptions can be made concerning the nature of this pro-

cess. Carbonylation of rings is very likely, but an oxygen-

catalyzed hydrolysis followed by the formation of quinone ™ . B ) - A

terminal groups cannot be ruled out. Both processes shoulﬁlf2 min, (¢) t,=181min, (d) t,=1 day, (¢ ta=3 days, and()
. - : t,=10 days. Curves are offset for more clarity.

result in a decrease of the conjugation length and hence of

the conductivity.

FIG. 3. Evolution of the x-ray profiles of samples heated at
140 °C as a function of the aging tintg with (a) t,=0, (b) t,

é)e completely assimilated to EB-I since, according to el-

Then, remains the question of the nature of the chlorin . S 2
. = emental analysis results, 90% of Cl is still present within the
species. In the unaged sample, most of them exist as Cl
sample even the most aged ones.

counterions, ionically bonded to the chains and therefore par-
ticipating to the doped state of the system. However, a small
proportion of covalently bonded chlorine species has been
shown to exist by XP%2" Upon aging in the presence of air,
at 150 °C for 100 h, the same auttocencluded from XPS Since, the crystalline part of the x-ray profiles can be
studies that all the chlorine atoms were covalently bondedunambiguously attributed to the doped ES-I phase; it is pos-
Since upon aging in vacuum they did not observe this effectsible to consider separately the evolution of the diffuse back-
they suggested that in presence of air, chloride ions are coground of the profiles. Figure 4 shows the evolution of the
sumed by chlorination of rings. Such a mechanism would ofliffuse background at 140 °C for different aging times. At
course lead to a dedoping of the polymer and to a loss ofhis stage of the analysis, the profiles were obtained by in-
conductivity. Moreover, one would expect some changes irierpolation in between 12 points taken at the minima be-
the structure. Actually, the material, which is originally com- tween the Bragg peaks. From the figure, it can be seen that a
posed of doped Pani chains together with intercalated Clbroad component centered a#220.3° is progressively in-
counterions, would be finally only made of dedoped substicreasing, as mentioned before. For the shortest aging times,
tuted Pani chains. almost the whole diffuse background can be attributed to the
disordered parts of the doped ES-I phase. It can be described
with a first intense contribution at@®=25.5° and a broader
one at about 23°. For the fitting procedure, the diffuse back-
ground is described by a superposition of the different con-
tributions coming fromF and ES-I phases. Thereby, weight
1. Global evolution of x-ray profiles as a function factorsa and b assigned to the two components vary with
of the aging time aging time:

2. Evolution of the diffuse background as a function
of the aging time

IV. X-RAY SCATTERING ANALYSIS

A. Decomposition of the diffraction patterns

The x-ray profile of the unaged sample is shown in Fig. F Es
3(a). The structure can be identified as emeraldine salt ES-I l amorphous=a(ta)l +b(ta)lamorphous @
as previously denominated by Pouggtal?® As the aging
time is increasing, the amorphous background of x-ray pro-
files becomes larger and larger especially arouéiet 20° as
can be seen in Fig. 3. For a ten-day aging time at 140 °C, the
Bragg peaks disappeared; the material turned completely
amorphous. This has been the only case for which such a
state was fully reached. The evolution of the x-ray profiles
during aging is strongly reminiscent of the evolution as a L
function of the doping level observed by Pougetal? In
particular, the amorphous phase we obtained after ten days at
140 °C looks like the fully dedoped phase-denominated em-
eraldine base EB-I phase by Poug¢tal?® Thus it can be
said that the prominent phenomenon occurring as a function F|G. 4. Diffuse background of x-ray profiles of samples heated
of aging time is the progressive evolution of the structureat 140 °C as a function of the aging tinie with (@ t,=0, (b) t,
from ES-I phase toward an “EB-I-like” phase which will be =52 min, (c) t,=181 min, (d) t,=1 day, () t,=3 days, and()
denominated F phase” in the following. This latter cannot t,=10 days. Curves are offset for more clarity.

DT O -,

Intensity

02040 60
20 (degrees)
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FIG. 5. An example of results obtained after fitting the diffuse
background with three Gaussian contributigsse text (a) sample
heated at 140 °C for,=0 and(b) sample heated at 140 °C fog
=1day. All the components and their sum are shown and com
pared with the experimental profile.

the “amorphous” one. The respective evolutions of these

two contributions, which are the signatures of two different

types of disorder, have no reason to be simply correlated.
In summary, the diffuse background of each recorded x-

ray profile has been described as the sum of three Gaussian
More precisely)F is modeled by one Gaussian line centeredcomponents:

at 20=20.3°. The other contribution coming from phdsés
neglected, i.e., the broadband at 43.3° only visible for the
very aged samples. The amorphous part of ES-I is modeled | )= aetnazi-2
by two Gaussian lines. The first one is centered at 25.5° and amorphoub a)_i=1 ae
has a width which is constrained not to be larger than 4°. The
zgﬁg?dd:gr;r)ggdo?;rzei désmalilgv}'ﬁgotgugg dbriga?h?;' xoidhd;seMoreqver, at the highest diffraction angles, the diffrac_ted
F/ES-I description by letting the weight factors of the two Intensity tendg oa nonzero constant value due to the inco-
lines assigned to the amorphous part of ES-l to be freelherem scattering. This effect can be accounted for by adding
. " E second order polynomial function to the diffuse
fitted. In other words, the composition of the amorphous par; 9

: . TR ackground®
of ES-I may change during aging. For more simplicity, the
first contribution will be designated as the “paracrystalline”
one, to be distinguished from the second one we still label as lincoherent= b1+ D2(26) +b3(26)2. 3

3
)2n?

2

TABLE Il. Evolution of the composition and conductivity during the aging process. Concentratibn of
phaseC, s/d calculated from fit of Eq(10), room-temperature conductiviygy, exponenty, and char-
acteristic temperatur€, for different aging temperaturés, and aging times, . T, results are from fits of
Eq. (6), for which y has been fixed tg.

T, (°C) t, (min) Ce s/d ogrr (Scm™h v To (K)
140 0 0.0293 5.3210 ¢ 0.33 10 620
140 52 0.0826 0.027 5.X110 2 0.36 16 270
140 181 0.145 0.052 5.3810 3 0.38 21190
140 1398 0.398 0.16 0.39 67 330
140 4298 0.677 0.32 0.7 162 500
140 15 798 1.0 0.82
120 0 0.0072 1.281¢° 0.35 5117
120 52 0.0315 0.019 2.6610 ¢ 0.37 12 950
120 181 0.103 0.036 7.5310 2 0.34 13540
120 1398 0.344 0.11 0.38 25730
120 4298 0.433 0.20 6.9310°° 0.37 39 850
120 15 798 0.810 0.47
100 52 0.0547 0.0061 8.300°¢ 0.30 5428
100 181 0.160 0.011 6.201071 0.32 6078
100 518 0.019 2.5010° 1 0.34 8833
100 1398 0.113 0.032 7.3410°? 0.36 12 050
100 4298 0.151 0.058 1.5110°2 0.40 14 880

100 15798 0.401 0.12 2.180 3 0.43 21420
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100 2. Specific degree of crystallinity of the ES-1 phase
—&—T,=100°C. Considering the ES-I phase itself, all the results previ-
75F =T =100 ously described suggest that it progressively disappears,

while its crystalline part is not dramatically affected. In other
words, it is possible to define a specific degree of crystallin-
ity of this phase as follows:

Specific degree of crystallinity
of the phase ES-I
X (ESD

. o f Sye(20)d(26)
10" 10" 10 10° Xc>'= :
t, (min) f Gyar(20)d(26) + f | Emorphou26)d(26)
FIG. 7. Degree of crystallinity specific of the ES-I phase as a ()
function of the aging timgon a log scalg As shown in Fig. 7, it can be seen that this quantity slightly

increases with aging. That proves that the chemical reactions
The fitting procedure was then carried out with the followinginduced by aging proceed first in the more disordered regions
conditions:  2,=20.3°, 20,=25.5°, 22%26,<25°, 2°  surrounding the crystallites and that the crystallites them-
<|,<4°, 3°<|;=<11° and 2.5%|,;<6°. selves are destroyed only at the very end of the aging pro-

Convergence was obtained in all cases. An uncertainty ofess.

12% has been evaluated for the intensities of the three lines,
while 10% was the estimated error on the widths of lines. By 3. Growth of the F phase as a function of the aging time
subtracting this diffuse background from the total diffraction Knowing the respective contributions &, amorphous
pattern, the crystalline part is obtained, and then the degregs_| anq crystalline ES-I phases, the proportion in weight
of crystallinity can be evaluated more precisely. All the pro-nits of theF phase contained in the sample is easily calcu-
files of the 18 studied samples have been analyzed in such|geq. As expected, this proportion is increasing as a function
way, only one example is shown by Fig. 5 in order to illus- of the aging timesee Table . The most interesting point is

trate the quality of fits. how the F phase grows up. Considering the simultaneous
evolution of the ES-I phase, it appears that the initial regime
B. Structural changes induced by aging actually corresponds to a progressive disappearance of the

diffuse line centered at 25.5° ind2and to a lesser extent of
the broader line centered at 23° iM.2An other words, the
disordered, “paracrystalline”, and amorphous components
The degree of crystallinity per weight units has been esof the ES-I phase are first affected. That means that the
timated using the following formula, which is the simplest chemical reactions occur more easily in those disordered re-
one that can be deduced from earlier work done by Rufind: gions because it is likely easier for the different involved
chemical species to diffuse in these regions than in the more
densely packed crystalline parts of the sample.
f lerysf(260)d(26) In summary, from x-ray analysis, it appears that the aging
(4) process in a first step affects the most disordered parts of the
starting fully doped sample. In a second step, the microstruc-
ture of the sample can be seen as small doped crystallites
embedded in an amorphous insulating matrix. At the last
From Fig. 6, it can be clearly seen thét does not change stage, the crystallites themselves disappear. For long aging
very much upon aging. This is in sharp contrast to the roomtimes, the material is only composed of thephase and its
temperature conductivity, which even for the lowest agingconductivity has become very low, as will be shown in Sec.
temperaturel ;= 100 °C decreases by about three orders ofV. This F phase would be characterized by the existence of
magnitude(see Table Il This result indicates that crystal- oxidized and chlorinated Pani chains, as discussed in Sec.
linity and conductivity are not simply correlated. V B 2, and therefore, it is not so surprising that theohase
A careful analysis of the widths of peaks shows that theyis insulating. The whole process is clearly inhomogeneous in
do not vary in any significant amount. In particular, no no-nature and that indirectly suggests the starting microstructure
ticeable broadening is observed, proving that the loss off the ES-I system is constituted of crystallites, which are
crystallinity is mainly due to a progressive disappearance ofeparated by disordered shells. As aging first concerns the
crystalline domains in number rather than their progressivenost disordered regions between the crystallites, after a
diminution in size. In some sense, this is the exact reverswhile, the sample consists of an assembly of conducting
situation than that reported by other authors who studied thgrains including the crystallites and the doped part of their
crystallization of polyaniline under stretchifgThe reason disordered shells, separated by insulating shells of amor-
why some of the crystallites are surviving longer than otherphous phasé&. With the exception of th¢F]/[ ES-I] ratio,
to the degradation is not quite clear. We believe that the moghe structural parameters are only a few changed by the aging
stable ones are those which are the most crystalline anprocess. Thereby,F]/[ES-I] is the only structural param-
which are surrounded by the largest “shells” constituted ofeter, that can be correlated with the conductivity. In Secs.
“paracrystalline” doped ES-I domains. V B 2 and VI, the idea that thgF1/[ ES-I] ratio is related to

1. Evolution of the crystalline structure as a function of the
aging time

Xe=

f |Cry51(20)d(20)+f Iamorphougze)d(za) |
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: FIG. 9. Determination of the exponentby plotting the loga-
106 3 rithmic derivativeW defined in Eq(7) as a function of the tempera-
ture. y is obtained as the slope of the straight line.
107 F E
i E It appears that for all samples, the temperature dependence of
1078 [ o the conductivity is well described by
b N B 1 1 LN\ o= O-Oef(TOIT)y. (6)
0 .02 0.04 10'06 0.08 01 The most sensible way to verify E() is not a direct fit but
1/ T(K) a plot of the logarithmic derivativeV defined by Eq(7) as a

. ... function of temperature on a double-logarithmic scale:
FIG. 8. Temperature dependence of the normalized conductivity P 9

a(T)/a(273 K) of Pani-HCI aged at 100 °C. Solid lines are fits of dino To\”
Eq. (6) with y=13. W= TIrT- y(?)

the ratio of the diameter of conducting grains to the thicknesg\n example is shown in Fig. 9. The straight line corresponds
of the surrounding insulating barriers is the starting point forto the behavior given by the Eg®) and(7). The slope gives
modeling the kinetics of degradation and the evolution of thehe value ofy with a high accuracyy is scattered around

)

conductivity with aging. 0.35 without varying systematically with aging tinsee
Table 1l). Actually, by usingy as derived from Eq(7), a
V. ELECTRICAL CONDUCTIVITY good agreement between data and Byis observed, except

for a slight deviation above 220 K. However, the analysis of
the aging effect on conductivity is quite impossible in this
Since polyaniline is known to absorb important quantitiesframework. It appears that neithgmor T, vary in a mono-
of water, which in turn changes the conductivitythe tonic way with aging times, whiler; is scattered around an
proper initial conditions have to be chosen. Our study wasiverage value. Therefore, in order to go further, we have
performed with samples that were systematically in equilib-chosen to set a constant value fpand to focus oy and
rium with ambient air for a long time. To limit the loss of ¢y. On the one hand, it would be natural to take 0.35, the
water during cooling down, samples were inserted in theexperimental mean value. On the other hand, to correlate the
cryostat maintained at—10 °C. Nevertheless the influence effect of aging to an evolution of microscopic parameters
of the water content on the conductivity has been checkedequires analyzing the data in the framework of a physical
for extreme conditions. We compared the temperature demeaningful model. As will be discussed in Sec. VB 2., it
pendence of the conductivity, i.e., of the parameteys T, appears that the charging-energy-limited tunneli@g&LT)
and y defined below in Eq(6) for the same nonaged sample and related model$® are actually the most relevant and
before and after drying for five days under vacuum. Uporthey lead toy=3. As one can see in Fig. 8, a rather good
drying, y does not change significantly, decreases-20%, agreement of our data with fits using E@) is obtained
and T, increases~50%. Thus small variations of the water when takingy=3 (solid line9. The values ofT, obtained
content between different samples lead to negligible effectffiom these fits increase with the aging time, the increase

Influence of water

on T, as compared to those due to aging. being more pronounced for higher aging temperatyses
Table I). T, turns out to be the key parameter describing the
1. Experimental facts change of conductivity during aging. A crucial point of our

For the three series of samples the temperature depeﬁn.alysis.is the .fact. that the !oss of room-tgmperature conduc-
dence of the conductivity was measured. Depending on thiVity during aging is essentially due to an increasd gand
degree of aging, the conductivity could be followed over 2—9Not to & variation ofo (see, in detail, Sec. VI
orders of magnitude. The thermal variations of the normal- ) L ) i )
ized conductivityo(T)/o(273) are presented in Fig. 8 for 2. Charging-energy-limited tunneling between conducting grains
samples aged at 100 °C. Similar behaviors are observed for A body of strong arguments suggests a heterogeneous pic-
aging at 120 and 140 °C. As can be seen, the relative varidure for Pani-HCl and aged Pani-HCI. First of all, the struc-
tion becomes more pronounced with increasing aging timedural studies presented in Sec. IV conclude that the aging
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238 [0 o — length of an electronic wave function. The charging energy
E. is the energy required to create a pair of charge carriers
by moving a charge from a neutral grain to another. It de-
pends on the grain siz¢and the intergrain distance
1 The conductivity is dominated by the process with the
maximum hopping frequency. Maximizing the hopping fre-
T =100°C 2 quency with respect td for a given composition, i.e., under

& ] the conditiond/(d+ s)=const, directly leads to E¢6) with
1 y=3%. ForT,, one obtains

6x1074f

ax10™*

a (T?
>

2x10F

14 16 18 20 22 24 26 28 30 5
T (K) 8 e S 1

TO:k_B 47T808ra? 1/2+s/d’ ©

2

FIG. 10. Temperature dependence of the magnetoresistance co-

efficient  as defined in Eq(8) for two samples aged at 100 °C. Deviations of the experimental values pfrom the theoret-

ical value y=3% may be due to several reasons. Sheng and

process is inhomogeneous, and that the material likely co Klafter considered a distribution of grain siz 1 results
sists of conducting grains separated by amorphous shells% 9 1 -2

; . o 1 )

an insulating® phase. Second, several transport stidiasd ta?r?ég?n 'tnﬁgrlré(s\lf_ﬂé%% ?]T tﬁierrisﬂzajﬁezlii?gtzsgreyj elct(i)\?él

nuclear relaxation studi& have shown the tendency of . anig P . SSPECHVELY.
Decreasing the grain size and narrowing their distribution

Pani-HCI to form conducting islands. Finally, let us point out . . -
that while the macroscopic conductivity strongly dec:rease%unCtIon has the effect of extending the validity of the low

s i )
with aging, the microscopic conductivity as probed by spin emperature approximation and thereby of the ; behav

. . 1 .
dynamics studies decreases very slodI§? Such a behavior ior. This could make < y=<3 a better overall representation

is in favor of an inhomogeneous distribution of the disorderOf the numerically calculated temperature dependence of the

in the material. Alternative models predicting the same tem—Cor'dU(?ti\'ity resulting from the_m(_)del of Ref. 38. A? the
perature dependence as that given by (B} such as quasi- extension of the model by Zuppirddit al. does not explicitly

: : ; : take into account the grain size distribution, it cannot repro-
one-dimensional variable range hoppihgr variable range . : ) '
9 pptho 9 guce effects related to its varying width and mean value. The

hopping in the presence of a Coulomb gap at the Fermr. ; .
Iev%?37gcan be r%led out using the samegafguments as il(?ilfference iny between theory and experiment could there-

polypyrrole!>1® Then remains the variable-range-hopping ore be attributed to simplifications necessary during the cal-
model of M.ott In this case, is expected to be very weakly culation. It must be emphasized that the relative evolution of
dependent withly, as observed experimentally. Let us then To s not S?nsf'.t'\./e totth_(;: exact Valllje pfch_oge;Sfpr tthe(;nsf.
examine the magnetoresistance data. Experimentally, the rEOr example, fixingy to its mean value of=0.35 instead o

1 . .
sistivity of Pani-HCI increases with the square of the mag—”_.2 .changes t.he absolute value B, while the relative
netic field: variations remains almost unaffected.

P~ Po %m(ﬂ) v ) VI. DISCUSSION
Po Po In the framework of the CELT model, the conductivity is
In Fig. 10, the temperature dependencerdd shown for two  related to the granular microstructure. We here propose to
samples aged for different times. No influence of aging ormodel the kinetics of the aging process to account for the
the magnetoresistance is detected. In variable-range-hoppirmfpanges of the microstructure as observed by x ray. This in
models,« is related to the localization lengt i.e., to the turn will permit a quantitative description of the evolution of
extension of the states participating to the conduction prothe conductivity and its temperature dependence.
cess. As in these models, disorder is at the origin of local- We suggest the following picturdi) The material ini-
ization, ¢ in turn should be very sensitive to the degree oftially consists of conducting grains of ES-I, separated by thin
aging, which is in contradiction to the results for Pani-HCI. insulating barriers which represent a very small volume frac-
In summary, models based on homogeneous disorder fation; these grains are themselves composed of crystallites
to explain the experimental facts. We therefore propose thaurrounded by “paracrystalline” and “amorphous” ES-I.
the granular structure of Pani-HCI as sketched from x-ray(ii) The aging process which progressively transforms the
analysis is the key to understand conductivity. We will inter-material into the insulatingr phase, is first initiated at the
pret our results within the model of charging-energy-limitedperiphery of the grains that is in the most disordered regions.
tunneling between conducting grains developed in Ref. 32Ve assume that thE phase then expands toward the center
and adapted to conducting polymers by Zuppirelial>®*  of the grains in a diffusionlike manner, as already evidenced
In this model, conducting grains are nothing but polaronicfor aging in polypyrrole'® To further simplify, we consider
clusters. The basic idea of this model is that the hoppinghat the grains are spheres, the average radius of whieh is
frequency between polaronic clusters can be written a3herefore, the chemically transformed part of grains at time
the product of two termsi(i) the tunneling probability t, is equal to the overall content of thephaseCg, in the
«exd —(2s/a)] and(ii) the thermally activated probability to sample. It can be calculated by solving the diffusion equation
create a pair of charge carrierexd —(E./ksT)]. Heresis  for a sphere of radiuR with an effective diffusion constant
the tunneling distance between the grains, armglthe decay D (see for example Ref. 39
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FIG. 11. Concentration of phase (damaged phases a func- FIG. 12. Variation of the paramet&g, as a function of the aging

tion of the aging timet, for different aging temperatures. Solid time for different aging temperatures. Solid lines are fits of the data
lines represent fits of the data with E40). with Eg. (9) (see text for details

Let us now consider the conductivity data and particularly
the variation ofT with aging time. In the proposed picture,
the barrier widths and therebys/d are roughly proportional
with to the square root of the aging time. A plot ©f versust,

using logarithmic axes should therefore show a straight line

of slope 1. As can be seen in Fig. 12 for short aging times,
(11) the variation ofT is very weak, becoming more pronounced
with progressive aging. To explain these two regimes we
assume that, prior to the beginning of the aging process,

Here C; is a volume fraction, while the data reported in barriers already exist between the conducting grains. Actu-

Table Il represent weight fractions. Since the difference be@!!y: such barriers are widely invoked to account for the

tween these two types of units is inferior to 5%, no Correc_transportlrgrlgpggrties of pristine highly disordered condycting

tion will be made to Eq(10). polymers.”*“*Thus a constant term has to be added in Eq.
Figure 11 shows the variation of tlkephase content with (13):

t, for different aging temperatures as well as the fits obtained Jr

with Egs. (10) and (11). One can see the good agreement E:E + T )

with the data. The only free parameteiDidR? that results in d d, 1-r

a shift along the time axis. Note that the slope of curves is

not adjusted. The conductivity data analyzed below were ob-SoIid lines in Fig. 12 are fits of E¢9) with s/d given by

: : Egs. (14) and (11), and using the previously determined
tained for samples witlC-<0.67 and hence<0.066. For .
<1, Eq. (10 Fc)an be agproximated by the solution for avalue ofD_/RZ. The only parameters of the fald/,, and_the
semi-infinite medium, i.e Cror yi,. Under these conditions prefactor in Eq(9) are obtained. The prefactor contains the

) . dielectric constant, and the spatial extension of the states
the local concentration of the phase,cr, mainly changes S . ) e ;
participating to the conduction. Since it is essentially the

near the surface of the spheres. The local concentration at’'a lap bet th | tat f carb ; that d
distancex from the surface is then given by overiap between the vaience stales of carbon atoms that de-
termines the tunneling probability which is proportional to
exd —(29/a)], we use as an estimate=1.0 A. Under this
X ) (12) assumption, we obtainegt =2.0, 7.3 and 2.2 for the series
2\Dt,) " aged atT,=100, 120, and 140 °C, respectivelg/d/,
amounts to 0.056, 0.20, and 0.098, respectively. To verify if
As shown in Secs. VB 1 and V B 2, the effects of aging onthese values correspond to physically reasonable distances,
the conductivity are described by a single parameter, thghe absolute grain size+d has to be known. On the one
characteristic temperatur&,. The model of charging- hand, a lower limits+d=50 A is estimated from the coher-
energy-limited tunneling relatek, directly tos/d, the ratio  ence lengtt. . determined by x ray. On the other hand, the
of the width of the tunneling barriers to the overall size of hasic assumption of the CELT model is that conductivity is
the grains. Defining/2, as the depth where the concentration|jmited by the charging energy, which requkgT<E.. As
of the F phase is equal to 0.5, we obtain has been shown for polypyrrole fégT=1.5E significant
deviations from Eq(6) are observed. The fact that for polya-
S V7 13 niline Eq. (6) holds well up to 220 K defines an upper limit
d 17 13 for the grain size. With:, =2 ands/d=0.1, we estimate an

upper limit ford of 180 A. Thus a typical value of 100 A for
Knowing D/R? from the fit of theCr variation as a function s+d appears reasonable and consistent with the hypotheses
of aging time with Egs(10) and(11), the parametes/d can

of the model.
be calculated from Eq13) and(11). Its values are given in According to the proposed picture, the decrease of con-
Table Il.

ductivity during aging is only due to the increase of the

6 « 1
Cr(n=1-— 3 Se ", (10
m-n=1n

_ Dt,
T—?.

(14)

ce(X)=1—erf
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10° i I clearly appears that the aging process is heterogeneous. Be-
sides the crystalline and amorphous emeraldine salt ES-I
phases, a phase grows with aging time to the detriment first,
of the most disordered part of the material—amorphous ES-
I—and, finally, of the ES-I nanocrystallites for long enough
times. This phase, which is a damaged phase, is character-
ized by structural parameters similar to those of dedoped
polyaniline, i.e., the emeraldine base. On the other hand, the
conductivity data can be interpreted in terms of hopping be-
oY tween conducting grains separated by insulating barriers
10 whatever the aging time is.

We have proposed an overall picture of the aging mecha-
nism, which lies on all the data. In this picture, the conduct-
ing grains are initially formed of ES-I crystallites surrounded
by shells of “paracrystalline” and “amorphous” material,
and they are progressively transformed into the damaged
phase from the periphery toward the center of grains. Assum-
ing that the growth of the damaged phase is driven by a
diffusionlike kinetics, we succeeded in accounting quantita-
related to the conductivity by the single parameTgr A tively for the evolution of both the microstructure and the

conductivity upon aging. Moreover, from thermogravimetric

good test for consistency of the model is to check if the
increase off ; correctly reproduces the decrease of the room-and elemental analyses, we have demonstrated that contrary

. - ; : to what is generally believed, dedoping due to evolution of
temperature conductivit during aging at a given tem- ) : . .
perzfture. From the evoltxﬁian at, (t%e goli%l line irglJ Fig. 12 gaseous HC.' IS not.the leading mephamsm for aging. From a
the relative change in conductivity has been calculated Vighemmal pomt_of VIEw, f[he form_atlo_n of the damaged phase
ocexd —(To/TM2]. In Fig. 13, the result is compared to the appears to mainly consist of oxidation of the polymer back-

el o B 100 € ot Lo e s o oy ity b
agreement is found. q gs, g P

ing of the polymer is strongly suggested.

—h
<

6(295 K) (Sem™)
=

-
<
w
T

1000
t. (min)
FIG. 13. Room-temperature conductivitg295 K) as a function
of the aging timet, at 100 °C. The solid line is obtained from
a(T) = oeexd —(To/T)¥3], with T, given by Eq.(9) ands/d de-
rived from our modelsee text

tunneling lengths and of the charging enerdy.. Both are
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