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Model for aging in HCl-protonated polyaniline:
Structure, conductivity, and composition studies
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We present a comprehensive study of the aging process in HCl-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 phase~F phase! is shown which grows at the expense, first, of the amorphous emeraldine salt
~ES-I! 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
s(T)5s0•exp@2(T0 /T)1/2#. The thermogravimetric and elemental analyses data give evidence of several
chemical transformations:~i! a slight dedoping due to HCl evolution,~ii ! an oxidation of the polymer back-
bone, and~iii ! 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 both theF phase volume content
and the hopping conductivity parameterT0 . The pristine conducting grains would consist of a crystalline core
of emeraldine salt~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 theF 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 temperature.@S0163-1829~98!05936-0#
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I. INTRODUCTION

Considerable attention from scientists and engineers
been paid to intrinsically conducting polymers such as po
pyrrole, polythiophene, and polyaniline because of their h
conductivity and their rather good stability. Among the
polyaniline, which is very cheap, and exhibits many intere
ing properties related to its easy reversible protonation,
pears as one of the most promising for applications.

A number of studies have been devoted to the ther
stability of polyaniline,1–14mainly by means of thermogravi
metric analyses. A few of them reported data from oth
characterization techniques such as elemental analysis,1,2,9,11

differential scanning calorimetry,1,5 x-ray photoelectron
spectroscopy ~XPS!,2,3,7,9,10 infrared spectroscopy,1,2,4–7

UV-visible spectroscopy,4,7 and conductivity measure
ments.1,2,4,8,10–14The conductivity was clearly shown to de
crease with time,1,2,4,10,13,14with a rate depending on the na
ture of the dopant~counterion! as well on the morphology o
the material. From the chemical point of view, several p
cesses are invoked to take place in HCl-doped polyani
upon heating: loss of dopant, chlorination of the anili
rings, oxidation of the chains due to oxygen, hydrolysis, a
cross-linking. But even though conductivity is one of t
leading properties of conducting polymers and of polyanil
PRB 580163-1829/98/58~12!/7637~11!/$15.00
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~Pani! for applications, almost no systematic study has be
carried out to quantify the long-term evolution of the co
ductivity and obtain a better understanding of the relat
between the creation of chemical defects during degrada
and the decrease of the conductivity.

As a matter of fact, such studies, which consist of follo
ing the evolution of the conduction mechanism as a funct
of aging, have appeared to be very fruitful in the case
polypyrrole15–17 and poly ~p-phenylenevinylene!.18 In par-
ticular, they have led~in the case of polypyrrole! to an un-
ambiguous discrimination between the various conduct
models proposed for polypyrrole. They clearly indicated th
electronic conduction proceeds through hopping betw
conducting grains separated by insulating barriers. As fa
aging is concerned, it appears as a sort of nibbling of
conducting grains to the benefit of the insulating barrie
Does the same picture apply in the case of polyaniline?
preliminary study carried out on highly conducting camph
sulfonic acid protonated polyaniline~Pani-CSA! concluded
in favor of a similar type of aging mechanism.14 In the case
of Pani-HCl, for which several studies have pointed out
existence of isolated conducting islands,19 this question takes
a particular meaning.

In this paper, we present a comprehensive study of
aging mechanism in Pani-HCl under ambient air atmosph
7637 © 1998 The American Physical Society
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7638 PRB 58WOLTER, RANNOU, TRAVERS, GILLES, AND DJURADO
It is based on x-ray-diffraction measurements, conductiv
measurements as a function of temperature, and ther
gravimetric and elemental analyses on a series of sam
coming from the same batch of pristine material and th
aged at a fixed temperature for different times ranging fr
zero to ten days. This is, to our knowledge, the first x-r
diffraction and detailed study of the transport properties
voted to the aging of polyaniline. We show here how resu
of these two joint studies lead to a reliable picture for t
aging mechanism in Pani-HCl. Aging appears as an inho
geneous process. All the data can be interpreted in term
conducting grains separated by insulating barriers. Ass
ing, in the framework of this picture, that the aging proce
starts in the most disordered parts of the unaged mate
and then extends toward the crystallized inner part of
grain in a diffusivelike manner, we succeed in quantitativ
accounting for both x-ray and conductivity data with only
few parameters. From elemental and thermogravime
analyses, it appears that the loss of dopant is not the lea
process of aging. We suggest that oxidation of the chains
air oxygen works as the activating factor for subsequ
chlorination of aniline rings.

This paper is organized as follows. Experimental deta
about samples and measurements are given in Sec. II.
chemical mechanisms of aging are discussed from eleme
and thermogravimetric analyses in Sec. III. Section IV
devoted to a thorough analysis of the x-ray data. The data
obtained for the temperature dependence of the conduct
are reported and analyzed in Sec. V. Finally, a discussio
the results and their interpretation in the framework of
conducting grains picture are presented in Sec. VI.

II. EXPERIMENTAL DETAILS

A. Synthesis, preparation, and aging procedure of samples

Emeraldine hydrochloride~Pani-HCl! was synthesized by
a conventional method developed by Mac Diarmidet al.20

Typically for synthesis conducted at25 °C, the polymeriza-
tion was stopped after 90 min, and the reaction medium
filtered.21 A green-blue precipitate was collected and wash
with copious amounts of 1 M HCl until the filtrate became
colorless. Pani-HCl was then dried overnight at 50 °C un
nitrogen flushing at a constant pressure of 25 mbar. T
as-synthesized emeraldine hydrochloride was deproton
by stirring in 0.1 M ammonium hydroxide for 72 h. Th
emeraldine base~EB! obtained after this dedoping procedu
was filtered and washed several times with water. It w
dried to constant weight under N2 at 25 °C ~'24 h at 25
mbar!. The EB was converted into Pani-HCl by protonati
in a 1 M HCl aqueous solution for 24 h. This reprotonat
Pani-HCl was then dried to constant weight under N2 at
25 °C ~'24 h at 25 mbar!, and used in the following aging
procedure. Pani-HCl powders were aged under ambient a
three different temperatures: 100, 120, and 140 °C. Ty
cally, for a given temperature, seven samples of about
mg of Pani-HCl originating from the same batch were plac
in an oven. They were removed after different aging timesta
ranging from 52 min to ten days~see Tables I and II!. The
choice of the different aging timesta was adapted to the
progressive slowdown of the conductivity decay.
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B. Thermogravimetric and elemental analyses

Thermogravimetric analysis~TGA! was performed on a
Setaram TGDTA92 system. The analyses were carried
using 15 mg of powdered non-aged Pani-HCl and
samples under a nitrogen or air flushing at a heating rat
10 °C/min. Sample residual weight~TG curves! and its de-
rivatives ~DTG curves! versus temperature were automa
cally generated by the Setaram system. Elemental anal
were performed in Laboratoire Central d’Analyses fro
Centre National de la Recherche Scientifique in Vernai
~France!.

C. X-ray analysis

All x-ray profiles have been recorded in the same exp
mental conditions. The powdered sample was placed i
capillary glass tube of 0.5 mm in diameter. TheKa radiation
of copper was produced by a 1200-W x-ray tube~Seifert!,
then theKa1 radiation was selected by using a curved cr
talline blade of Ge~111! as a monochromator mounted in a
asymmetric Johansson configuration~Huber!. The two-circle
goniometer we used was based on a PW 1835 one f
Philips. The diffraction experiments were done by using
so-called Debye-Scherrer geometry, in which the x-ray be
was focusing on the detector window after passing throu
the sample. The detector was a linear multichannel posit
sensitive one from Raytech. It was constituted of 1024 ch
nels placed every 0.02° in 2u. When recording an elementar
2u step scan, we used 800 channels as an aperture o
detector window, a physical step of 0.06° in 2u and a step
duration of 4 s. Such a scan was then repeated 10–18 t
for each sample and the sum of all these recordings ga
profile which was normalized in order to be compared w
the others. The diffuse background due to the air and
glassy tube was periodically evaluated and subtracted f
the diffractograms in order to keep only the signal scatte
from the sample itself.

D. Conductivity measurements

Conductivity measurements have been performed on
lets obtained from powder by applying a 9-tons/cm2 pressure
for 3 min. Absolute values of the room-temperature cond
tivity have been obtained by the four-point method.22 Typi-
cal values of the spacing between the aligned point conta
thickness, and diameter of the circular pellets were 1, 0
and 8 mm, respectively. Conductivity values were dedu
under the assumption of a semi-infinite medium, and c
rected for a finite sample size. The temperature depende
of the conductivity was also measured by a four-cont
method. To establish a good electrical contact, four flat g
pads were pressed on the sample. The probe head was p
in a continuous-flow helium cryostat permitting operati
between 5 and 300 K. The sample temperature was meas
by a rhodium iron resistance thermometer. The accurac
the temperature measurement is better than 1 K atroom tem-
perature, and better than 50 mK at 5 K. To eliminate volta
offsets, the conductivity was always measured for both
larities of the current. Furthermore, linearity was checked
each point. Current was supplied by a Keithley Model 2
current source, the potential of the two voltage contacts w
measured independently by two electrometers~Keithley
Model 6512! using the guard technique.
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PRB 58 7639MODEL FOR AGING IN HCl-PROTONATED . . .
III. THERMOGRAVIMETRIC AND ELEMENTAL
ANALYSES

The DTG curves of the EB and Pani-HCl under nitrog
are shown in Fig. 1. The thermogram of the EB shows ty
cal two-step weight loss behavior, as can be deduced f
the two maxima of the DTG curve.23,24The first one extends
from room temperature to 150 °C. It can be attributed to
desorption of water molecules physically sorbed in the po
mer matrix.25,26 The second weight loss starts typical
around 425 °C. This has previously been attributed to th
mal decomposition of the polyaniline backbone structure23

The thermogram of Pani-HCl shows a typical three-s
weight-loss behavior also observed previously by ot
authors.1 The first weight loss corresponds to a maximum
115 °C. The second weight loss occurs between 170
320 °C, and is followed by a final step starting at 420 °C

In order to study the chemical change, the chemical co
position of unaged and aged samples was examined b
emental analyses. The mass fraction of oxygen was der
in order to complement the sum of carbon, hydrogen, ni
gen, and chlorine fractions to 100%. The data are reporte
Table I. The most striking result is the very low decrease
the chlorine concentration upon aging in air. Less than 1
of the total mass of chlorine has disappeared after ten da
140 °C probably through gaseous HCl evolution. This res
is in agreement with that of Ref. 2. It rules out the hypothe
of the loss of dopant as the main aging mechanism for P
HCl in air. Redoping with HCl after aging in nitrogen lead

FIG. 1. Thermogravimetric analysis of the emeraldine base
~dotted line! and Pani-HCl~solid line! under nitrogen atmosphere
The curves represent the derivative of the sample residual we
~DTG curves!.
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only to a very partial recovering of the conductivity.1 Nev-
ertheless a slight deprotonation exists, as confirmed by D
The difference in shape between the first maximum for
EB and Pani-HCl suggests that, in the case of Pani-HCl,
only a desorption of water is observed. We propose that
low 160 °C, Pani-HCl loses mainly water and a small pr
portion of gaseous HCl originating from a slight deproton
tion process. But most of the HCl loss should then oc
during the second weight loss together with water molecu
which are more strongly bonded to the polymer in Pani-H
than in the EB. The third step consists mainly of a therm
decomposition of the polyaniline backbone.

Under air, the second weight loss of Pani-HCl seems
disappear. This suggests that an oxidation process t
place in the same temperature range, and tends to com
sate for the weight loss previously observed under nitrog
Therefore, to reveal the effect of oxygen on the thermal s
bility of Pani-HCl, air, and nitrogen thermograms were su
tracted. The resulting curve is shown in Fig. 2. An addition
gain of mass under oxygen occurs between 150 and 300
followed by a pronounced loss above 380 °C. This mass
take can be attributed to an oxidation process. Then the
sidual modified polymer burned under oxygen. The existe
of such an oxidation process is also clearly supported
elemental analyses. Upon heating in air, one can obser
regular and large decrease of the H/C ratio as a function
aging time, while the O/C ratio is first decreasing and th
slightly increasing at long aging times. Since only a fe
parts of HCl have quitted the material, most of the H/C ra

B

ht

FIG. 2. Thermogravimetric analysis of Pani-HCl: difference
behavior under air and under nitrogen. The curve is obtained f
the difference of the sample residual weight curves~TG curves!
obtained in both conditions.
mpo-

99
82
78
69
.75
.86
TABLE I. Elemental analysis of Pani-HCl as a function of the aging time at 140 °C. Chemical co
sitions are normalized with respect to the carbon one, which is maintained constant at 6.00.

ta ~min!

Elemental analysis Chemical composition

C ~%! H ~%! N ~%! Cl ~%! O ~%! C H N Cl O

0 0 58.90 5.31 11.22 11.56 13.00 6.00 6.44 0.98 0.40 0.
1 52 60.67 4.72 11.59 12.02 11.00 6.00 5.93 0.99 0.40 0.
2 181 61.29 4.47 11.72 11.87 10.64 6.00 5.21 0.98 0.39 0.
3 1398 62.37 4.10 12.16 11.78 9.59 6.00 4.70 1.00 0.38 0.
4 4298 62.04 3.84 12.24 11.59 10.29 6.00 4.42 1.01 0.38 0
5 15 798 61.40 3.52 12.31 11.00 11.70 6.00 4.10 1.03 0.36 0
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7640 PRB 58WOLTER, RANNOU, TRAVERS, GILLES, AND DJURADO
decrease can be attributed to an evolution of water m
ecules. This evolution leads to a reduction of the O/C ra
as observed experimentally at short aging times. Therefo
concomitant and progressive oxidation of the polymer ha
be invoked to explain first the stabilization of the O/C ra
and, then, its further increase. This point is evidenced w
trying to account for the raw data of Table I using chemi
formulas. Considering the unaged sample, a very g
agreement is obtained with (C6H4.5N1)~HCl!0.4~H2O!1.0.
Conversely, for the sample aged for ten days at 140
the data can only be accounted for b
~C6H3.64N1O0.86!~HCl!0.36. This formula is consistent only i
it is considered that the chains have been oxidized. O
assumptions can be made concerning the nature of this
cess. Carbonylation of rings is very likely, but an oxyge
catalyzed hydrolysis followed by the formation of quino
terminal groups cannot be ruled out. Both processes sh
result in a decrease of the conjugation length and henc
the conductivity.

Then, remains the question of the nature of the chlor
species. In the unaged sample, most of them exist as2

counterions, ionically bonded to the chains and therefore
ticipating to the doped state of the system. However, a sm
proportion of covalently bonded chlorine species has b
shown to exist by XPS.2,27 Upon aging in the presence of ai
at 150 °C for 100 h, the same authors2 concluded from XPS
studies that all the chlorine atoms were covalently bond
Since upon aging in vacuum they did not observe this eff
they suggested that in presence of air, chloride ions are
sumed by chlorination of rings. Such a mechanism would
course lead to a dedoping of the polymer and to a loss
conductivity. Moreover, one would expect some changes
the structure. Actually, the material, which is originally com
posed of doped Pani chains together with intercalated2

counterions, would be finally only made of dedoped sub
tuted Pani chains.

IV. X-RAY SCATTERING ANALYSIS

A. Decomposition of the diffraction patterns

1. Global evolution of x-ray profiles as a function
of the aging time

The x-ray profile of the unaged sample is shown in F
3~a!. The structure can be identified as emeraldine salt E
as previously denominated by Pougetet al.28 As the aging
time is increasing, the amorphous background of x-ray p
files becomes larger and larger especially around 2u'20° as
can be seen in Fig. 3. For a ten-day aging time at 140 °C,
Bragg peaks disappeared; the material turned comple
amorphous. This has been the only case for which suc
state was fully reached. The evolution of the x-ray profi
during aging is strongly reminiscent of the evolution as
function of the doping level observed by Pougetet al.28 In
particular, the amorphous phase we obtained after ten da
140 °C looks like the fully dedoped phase-denominated e
eraldine base EB-I phase by Pougetet al.28 Thus it can be
said that the prominent phenomenon occurring as a func
of aging time is the progressive evolution of the structu
from ES-I phase toward an ‘‘EB-I-like’’ phase which will b
denominated ‘‘F phase’’ in the following. This latter canno
l-
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be completely assimilated to EB-I since, according to
emental analysis results, 90% of Cl is still present within t
sample even the most aged ones.

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

Since, the crystalline part of the x-ray profiles can
unambiguously attributed to the doped ES-I phase; it is p
sible to consider separately the evolution of the diffuse ba
ground of the profiles. Figure 4 shows the evolution of t
diffuse background at 140 °C for different aging times.
this stage of the analysis, the profiles were obtained by
terpolation in between 12 points taken at the minima
tween the Bragg peaks. From the figure, it can be seen th
broad component centered at 2u520.3° is progressively in-
creasing, as mentioned before. For the shortest aging tim
almost the whole diffuse background can be attributed to
disordered parts of the doped ES-I phase. It can be descr
with a first intense contribution at 2u525.5° and a broade
one at about 23°. For the fitting procedure, the diffuse ba
ground is described by a superposition of the different c
tributions coming fromF and ES-I phases. Thereby, weig
factorsa and b assigned to the two components vary wi
aging time:

I amorphous5a~ ta!I F1b~ ta!I amorphous
ES-I . ~1!

FIG. 3. Evolution of the x-ray profiles of samples heated
140 °C as a function of the aging timeta with ~a! ta50, ~b! ta

552 min, ~c! ta5181 min, ~d! ta51 day, ~e! ta53 days, and~f!
ta510 days. Curves are offset for more clarity.

FIG. 4. Diffuse background of x-ray profiles of samples hea
at 140 °C as a function of the aging timeta with ~a! ta50, ~b! ta

552 min, ~c! ta5181 min, ~d! ta51 day, ~e! ta53 days, and~f!
ta510 days. Curves are offset for more clarity.
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PRB 58 7641MODEL FOR AGING IN HCl-PROTONATED . . .
More precisely,I F is modeled by one Gaussian line center
at 2u520.3°. The other contribution coming from phaseF is
neglected, i.e., the broadband at 43.3° only visible for
very aged samples. The amorphous part of ES-I is mod
by two Gaussian lines. The first one is centered at 25.5°
has a width which is constrained not to be larger than 4°. T
second around 2u523° is allowed to be broader. An add
tional degree of freedom is introduced in this two-pha
F/ES-I description by letting the weight factors of the tw
lines assigned to the amorphous part of ES-I to be fre
fitted. In other words, the composition of the amorphous p
of ES-I may change during aging. For more simplicity, t
first contribution will be designated as the ‘‘paracrystalline
one, to be distinguished from the second one we still labe

FIG. 5. An example of results obtained after fitting the diffu
background with three Gaussian contributions~see text!: ~a! sample
heated at 140 °C forta50 and~b! sample heated at 140 °C forta

51 day. All the components and their sum are shown and c
pared with the experimental profile.
e
ed
nd
e

e

ly
rt

s

the ‘‘amorphous’’ one. The respective evolutions of the
two contributions, which are the signatures of two differe
types of disorder, have no reason to be simply correlated

In summary, the diffuse background of each recorded
ray profile has been described as the sum of three Gaus
components:

I amorphous~ ta!5(
i 51

3

aie
4 ln 2~2u22u i !

2/ l i
2
. ~2!

Moreover, at the highest diffraction angles, the diffract
intensity tends to a nonzero constant value due to the in
herent scattering. This effect can be accounted for by add
a second order polynomial function to the diffus
background:29

I incoherent5b11b2~2u!1b3~2u!2. ~3!

-

FIG. 6. Global degree of crystallinity as a function of the agi
time ~on a log scale!.
of
TABLE II. Evolution of the composition and conductivity during the aging process. ConcentrationF
phaseCF , s/d calculated from fit of Eq.~10!, room-temperature conductivitysRT , exponentg, and char-
acteristic temperatureT0 for different aging temperaturesTa and aging timesta . T0 results are from fits of
Eq. ~6!, for which g has been fixed to12.

Ta ~°C! ta ~min! CF s/d sRT (S cm21) g T0 ~K!

140 0 0.0293 5.3231021 0.33 10 620
140 52 0.0826 0.027 5.2131022 0.36 16 270
140 181 0.145 0.052 5.7831023 0.38 21 190
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 1.233100 0.35 5117
120 52 0.0315 0.019 2.6531021 0.37 12 950
120 181 0.103 0.036 7.5331022 0.34 13 540
120 1398 0.344 0.11 0.38 25 730
120 4298 0.433 0.20 6.9331025 0.37 39 850
120 15 798 0.810 0.47
100 52 0.0547 0.0061 8.3031021 0.30 5428
100 181 0.160 0.011 6.1931021 0.32 6078
100 518 0.019 2.5031021 0.34 8833
100 1398 0.113 0.032 7.3431022 0.36 12 050
100 4298 0.151 0.058 1.9131022 0.40 14 880
100 15 798 0.401 0.12 2.1531023 0.43 21 420
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7642 PRB 58WOLTER, RANNOU, TRAVERS, GILLES, AND DJURADO
The fitting procedure was then carried out with the followi
conditions: 2u1520.3°, 2u2525.5°, 22°<2u3<25°, 2°
< l 2<4°, 3°< l 1<11° and 2.5°< l 3<6°.

Convergence was obtained in all cases. An uncertaint
12% has been evaluated for the intensities of the three li
while 10% was the estimated error on the widths of lines.
subtracting this diffuse background from the total diffracti
pattern, the crystalline part is obtained, and then the de
of crystallinity can be evaluated more precisely. All the pr
files of the 18 studied samples have been analyzed in su
way, only one example is shown by Fig. 5 in order to illu
trate the quality of fits.

B. Structural changes induced by aging

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

The degree of crystallinity per weight units has been
timated using the following formula, which is the simple
one that can be deduced from earlier work done by Rulan30

Xc5

E I cryst~2u!d~2u!

E I cryst~2u!d~2u!1E I amorphous~2u!d~2u!

. ~4!

From Fig. 6, it can be clearly seen thatXc does not change
very much upon aging. This is in sharp contrast to the roo
temperature conductivity, which even for the lowest ag
temperatureTa5100 °C decreases by about three orders
magnitude~see Table II!. This result indicates that crysta
linity and conductivity are not simply correlated.

A careful analysis of the widths of peaks shows that th
do not vary in any significant amount. In particular, no n
ticeable broadening is observed, proving that the loss
crystallinity is mainly due to a progressive disappearance
crystalline domains in number rather than their progress
diminution in size. In some sense, this is the exact reve
situation than that reported by other authors who studied
crystallization of polyaniline under stretching.29 The reason
why some of the crystallites are surviving longer than oth
to the degradation is not quite clear. We believe that the m
stable ones are those which are the most crystalline
which are surrounded by the largest ‘‘shells’’ constituted
‘‘paracrystalline’’ doped ES-I domains.

FIG. 7. Degree of crystallinity specific of the ES-I phase a
function of the aging time~on a log scale!.
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2. Specific degree of crystallinity of the ES-I phase

Considering the ES-I phase itself, all the results pre
ously described suggest that it progressively disappe
while its crystalline part is not dramatically affected. In oth
words, it is possible to define a specific degree of crystal
ity of this phase as follows:

Xc
ES-I5

E cryst
ES-I~2u!d~2u!

E I crysts
ES-I ~2u!d~2u!1E I amorphous

ES-I ~2u!d~2u!

.

~5!

As shown in Fig. 7, it can be seen that this quantity sligh
increases with aging. That proves that the chemical react
induced by aging proceed first in the more disordered regi
surrounding the crystallites and that the crystallites the
selves are destroyed only at the very end of the aging p
cess.

3. Growth of the F phase as a function of the aging time

Knowing the respective contributions ofF, amorphous
ES-I, and crystalline ES-I phases, the proportion in wei
units of theF phase contained in the sample is easily cal
lated. As expected, this proportion is increasing as a func
of the aging time~see Table II!. The most interesting point is
how the F phase grows up. Considering the simultaneo
evolution of the ES-I phase, it appears that the initial regi
actually corresponds to a progressive disappearance o
diffuse line centered at 25.5° in 2u, and to a lesser extent o
the broader line centered at 23° in 2u. In other words, the
disordered, ‘‘paracrystalline’’, and amorphous compone
of the ES-I phase are first affected. That means that
chemical reactions occur more easily in those disordered
gions because it is likely easier for the different involv
chemical species to diffuse in these regions than in the m
densely packed crystalline parts of the sample.

In summary, from x-ray analysis, it appears that the ag
process in a first step affects the most disordered parts o
starting fully doped sample. In a second step, the microst
ture of the sample can be seen as small doped crysta
embedded in an amorphous insulating matrix. At the l
stage, the crystallites themselves disappear. For long a
times, the material is only composed of theF phase and its
conductivity has become very low, as will be shown in S
V. This F phase would be characterized by the existence
oxidized and chlorinated Pani chains, as discussed in
V B 2, and therefore, it is not so surprising that theF phase
is insulating. The whole process is clearly inhomogeneou
nature and that indirectly suggests the starting microstruc
of the ES-I system is constituted of crystallites, which a
separated by disordered shells. As aging first concerns
most disordered regions between the crystallites, afte
while, the sample consists of an assembly of conduct
grains including the crystallites and the doped part of th
disordered shells, separated by insulating shells of am
phous phaseF. With the exception of the@F#/@ES-I# ratio,
the structural parameters are only a few changed by the a
process. Thereby,@F#/@ES-I# is the only structural param
eter, that can be correlated with the conductivity. In Se
V B 2 and VI, the idea that the@F#/@ES-I# ratio is related to

a
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the ratio of the diameter of conducting grains to the thickn
of the surrounding insulating barriers is the starting point
modeling the kinetics of degradation and the evolution of
conductivity with aging.

V. ELECTRICAL CONDUCTIVITY

Influence of water

Since polyaniline is known to absorb important quantit
of water, which in turn changes the conductivity,31 the
proper initial conditions have to be chosen. Our study w
performed with samples that were systematically in equi
rium with ambient air for a long time. To limit the loss o
water during cooling down, samples were inserted in
cryostat maintained at'210 °C. Nevertheless the influenc
of the water content on the conductivity has been chec
for extreme conditions. We compared the temperature
pendence of the conductivity, i.e., of the parameterss0 , T0 ,
andg defined below in Eq.~6! for the same nonaged samp
before and after drying for five days under vacuum. Up
drying,g does not change significantly,s0 decreases;20%,
andT0 increases;50%. Thus small variations of the wate
content between different samples lead to negligible effe
on T0 as compared to those due to aging.

1. Experimental facts

For the three series of samples the temperature de
dence of the conductivity was measured. Depending on
degree of aging, the conductivity could be followed over 2
orders of magnitude. The thermal variations of the norm
ized conductivitys(T)/s(273) are presented in Fig. 8 fo
samples aged at 100 °C. Similar behaviors are observed
aging at 120 and 140 °C. As can be seen, the relative va
tion becomes more pronounced with increasing aging tim

FIG. 8. Temperature dependence of the normalized conduct
s(T)/s(273 K) of Pani-HCl aged at 100 °C. Solid lines are fits
Eq. ~6! with g5
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It appears that for all samples, the temperature dependen
the conductivity is well described by

s5s0e2~T0 /T!g
. ~6!

The most sensible way to verify Eq.~6! is not a direct fit but
a plot of the logarithmic derivativeW defined by Eq.~7! as a
function of temperature on a double-logarithmic scale:

W5
d ln s

d ln T
5gS T0

T D g

. ~7!

An example is shown in Fig. 9. The straight line correspon
to the behavior given by the Eqs.~6! and~7!. The slope gives
the value ofg with a high accuracy.g is scattered around
0.35 without varying systematically with aging time~see
Table II!. Actually, by usingg as derived from Eq.~7!, a
good agreement between data and Eq.~6! is observed, excep
for a slight deviation above 220 K. However, the analysis
the aging effect on conductivity is quite impossible in th
framework. It appears that neitherg nor T0 vary in a mono-
tonic way with aging times, whiles0 is scattered around a
average value. Therefore, in order to go further, we ha
chosen to set a constant value forg and to focus onT0 and
s0 . On the one hand, it would be natural to takeg50.35, the
experimental mean value. On the other hand, to correlate
effect of aging to an evolution of microscopic paramete
requires analyzing the data in the framework of a physi
meaningful model. As will be discussed in Sec. V B 2.,
appears that the charging-energy-limited tunneling~CELT!
and related models32,33 are actually the most relevant an
they lead tog5 1

2 . As one can see in Fig. 8, a rather goo
agreement of our data with fits using Eq.~6! is obtained
when takingg5 1

2 ~solid lines!. The values ofT0 obtained
from these fits increase with the aging time, the incre
being more pronounced for higher aging temperatures~see
Table II!. T0 turns out to be the key parameter describing
change of conductivity during aging. A crucial point of ou
analysis is the fact that the loss of room-temperature cond
tivity during aging is essentially due to an increase ofT0 and
not to a variation ofs0 ~see, in detail, Sec. VI!.

2. Charging-energy-limited tunneling between conducting grain

A body of strong arguments suggests a heterogeneous
ture for Pani-HCl and aged Pani-HCl. First of all, the stru
tural studies presented in Sec. IV conclude that the ag

ty

FIG. 9. Determination of the exponentg by plotting the loga-
rithmic derivativeW defined in Eq.~7! as a function of the tempera
ture.g is obtained as the slope of the straight line.



o
ls

f
u
se
in

e
m

rm

ng
y
en
e
g

o
p

ro
a
o
l.
f

th
ra
r

ed
3

ni
in
a

rgy
iers
e-

he
e-
r

nd

.
ion
w

n
the
e

ro-
he

re-
al-
of

is
to

the
s in
of

hin
ac-
lites
I.
the

ns.
ter
ed

is
me

ion
t

e

7644 PRB 58WOLTER, RANNOU, TRAVERS, GILLES, AND DJURADO
process is inhomogeneous, and that the material likely c
sists of conducting grains separated by amorphous shel
an insulatingF phase. Second, several transport studies19 and
nuclear relaxation studies34 have shown the tendency o
Pani-HCl to form conducting islands. Finally, let us point o
that while the macroscopic conductivity strongly decrea
with aging, the microscopic conductivity as probed by sp
dynamics studies decreases very slowly.35,13Such a behavior
is in favor of an inhomogeneous distribution of the disord
in the material. Alternative models predicting the same te
perature dependence as that given by Eq.~6!, such as quasi-
one-dimensional variable range hopping36 or variable range
hopping in the presence of a Coulomb gap at the Fe
level,37 can be ruled out using the same arguments as
polypyrrole.15,16 Then remains the variable-range-hoppi
model of Mott. In this cases0 is expected to be very weakl
dependent withT0 , as observed experimentally. Let us th
examine the magnetoresistance data. Experimentally, th
sistivity of Pani-HCl increases with the square of the ma
netic field:

r2r0

r0
' lnS r

r0
D5aB2. ~8!

In Fig. 10, the temperature dependence ofa is shown for two
samples aged for different times. No influence of aging
the magnetoresistance is detected. In variable-range-hop
models,a is related to the localization lengthj, i.e., to the
extension of the states participating to the conduction p
cess. As in these models, disorder is at the origin of loc
ization, j in turn should be very sensitive to the degree
aging, which is in contradiction to the results for Pani-HC

In summary, models based on homogeneous disorder
to explain the experimental facts. We therefore propose
the granular structure of Pani-HCl as sketched from x-
analysis is the key to understand conductivity. We will inte
pret our results within the model of charging-energy-limit
tunneling between conducting grains developed in Ref.
and adapted to conducting polymers by Zuppiroliet al.33

In this model, conducting grains are nothing but polaro
clusters. The basic idea of this model is that the hopp
frequency between polaronic clusters can be written
the product of two terms:~i! the tunneling probability
}exp@2(2s/a)# and~ii ! the thermally activated probability to
create a pair of charge carriers}exp@2(Ec /kBT)#. Heres is
the tunneling distance between the grains, anda is the decay

FIG. 10. Temperature dependence of the magnetoresistanc
efficient a as defined in Eq.~8! for two samples aged at 100 °C.
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length of an electronic wave function. The charging ene
Ec is the energy required to create a pair of charge carr
by moving a charge from a neutral grain to another. It d
pends on the grain sized and the intergrain distances.

The conductivity is dominated by the process with t
maximum hopping frequency. Maximizing the hopping fr
quency with respect tod for a given composition, i.e., unde
the conditiond/(d1s)5const, directly leads to Eq.~6! with
g5 1

2 . For T0 , one obtains

T05
8

kB

e2

4p«0« ra

s2

d2

1

1/21s/d
. ~9!

Deviations of the experimental values ofg from the theoret-
ical valueg5 1

2 may be due to several reasons. Sheng a
Klafter considered a distribution of grain sizes.g5 1

2 results
from an interpolation of the resultsg5 1

4 and 1
2 <g<1 ob-

tained in the low- and high-temperature limits respectively38

Decreasing the grain size and narrowing their distribut
function has the effect of extending the validity of the lo
temperature approximation and thereby of theg5 1

4 behav-
ior. This could make1

4 <g< 1
2 a better overall representatio

of the numerically calculated temperature dependence of
conductivity resulting from the model of Ref. 38. As th
extension of the model by Zuppiroliet al.does not explicitly
take into account the grain size distribution, it cannot rep
duce effects related to its varying width and mean value. T
difference ing between theory and experiment could the
fore be attributed to simplifications necessary during the c
culation. It must be emphasized that the relative evolution
T0 is not sensitive to the exact value ofg chosen for the fits.
For example, fixingg to its mean value ofg50.35 instead of
g5 1

2 changes the absolute value ofT0 , while the relative
variations remains almost unaffected.

VI. DISCUSSION

In the framework of the CELT model, the conductivity
related to the granular microstructure. We here propose
model the kinetics of the aging process to account for
changes of the microstructure as observed by x ray. Thi
turn will permit a quantitative description of the evolution
the conductivity and its temperature dependence.

We suggest the following picture:~i! The material ini-
tially consists of conducting grains of ES-I, separated by t
insulating barriers which represent a very small volume fr
tion; these grains are themselves composed of crystal
surrounded by ‘‘paracrystalline’’ and ‘‘amorphous’’ ES-
~ii ! The aging process which progressively transforms
material into the insulatingF phase, is first initiated at the
periphery of the grains that is in the most disordered regio
We assume that theF phase then expands toward the cen
of the grains in a diffusionlike manner, as already evidenc
for aging in polypyrrole.16 To further simplify, we consider
that the grains are spheres, the average radius of whichR.
Therefore, the chemically transformed part of grains at ti
ta is equal to the overall content of theF phase,CF , in the
sample. It can be calculated by solving the diffusion equat
for a sphere of radiusR with an effective diffusion constan
D ~see for example Ref. 39!:

co-
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CF~t!512
6

p2 (
n51

`
1

n2
e2n2p2t , ~10!

with

t5
Dta

R2
. ~11!

Here CF is a volume fraction, while the data reported
Table II represent weight fractions. Since the difference
tween these two types of units is inferior to 5%, no corre
tion will be made to Eq.~10!.

Figure 11 shows the variation of theF-phase content with
ta for different aging temperatures as well as the fits obtai
with Eqs. ~10! and ~11!. One can see the good agreeme
with the data. The only free parameter isD/R2 that results in
a shift along the time axis. Note that the slope of curves
not adjusted. The conductivity data analyzed below were
tained for samples withCF<0.67 and hencet<0.066. For
t!1, Eq. ~10! can be approximated by the solution for
semi-infinite medium, i.e.,CF}Ata. Under these conditions
the local concentration of theF phase,cF , mainly changes
near the surface of the spheres. The local concentration
distancex from the surface is then given by

cF~x!512erfS x

2ADta
D . ~12!

As shown in Secs. V B 1 and V B 2, the effects of aging
the conductivity are described by a single parameter,
characteristic temperatureT0 . The model of charging-
energy-limited tunneling relatesT0 directly to s/d, the ratio
of the width of the tunneling barriers to the overall size
the grains. Definings/2, as the depth where the concentrati
of the F phase is equal to 0.5, we obtain

s

d
5

At

12At
. ~13!

Knowing D/R2 from the fit of theCF variation as a function
of aging time with Eqs.~10! and~11!, the parameters/d can
be calculated from Eq.~13! and~11!. Its values are given in
Table II.

FIG. 11. Concentration of phaseF ~damaged phase! as a func-
tion of the aging timeta for different aging temperatures. Soli
lines represent fits of the data with Eq.~10!.
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Let us now consider the conductivity data and particula
the variation ofT0 with aging time. In the proposed picture
the barrier widths and therebys/d are roughly proportional
to the square root of the aging time. A plot ofT0 versusta
using logarithmic axes should therefore show a straight
of slope 1. As can be seen in Fig. 12 for short aging tim
the variation ofT0 is very weak, becoming more pronounce
with progressive aging. To explain these two regimes
assume that, prior to the beginning of the aging proce
barriers already exist between the conducting grains. Ac
ally, such barriers are widely invoked to account for t
transport properties of pristine highly disordered conduct
polymers.16,19,33Thus a constant term has to be added in E
~13!:

s

d
5

s

dU
0

1
At

12At
. ~14!

Solid lines in Fig. 12 are fits of Eq.~9! with s/d given by
Eqs. ~14! and ~11!, and using the previously determine
value ofD/R2. The only parameters of the fit,s/d/0 , and the
prefactor in Eq.~9! are obtained. The prefactor contains t
dielectric constant« r and the spatial extension of the stat
participating to the conduction. Since it is essentially t
overlap between the valence states of carbon atoms tha
termines the tunneling probability which is proportional
exp@2(2s/a)#, we use as an estimatea51.0 Å. Under this
assumption, we obtained« r52.0, 7.3 and 2.2 for the serie
aged at Ta5100, 120, and 140 °C, respectively.s/d/0
amounts to 0.056, 0.20, and 0.098, respectively. To verif
these values correspond to physically reasonable distan
the absolute grain sizes1d has to be known. On the on
hand, a lower limits1d>50 Å is estimated from the coher
ence lengthLc determined by x ray. On the other hand, t
basic assumption of the CELT model is that conductivity
limited by the charging energy, which requirekBT<Ec . As
has been shown for polypyrrole forkBT>1.5.Ec significant
deviations from Eq.~6! are observed. The fact that for polya
niline Eq. ~6! holds well up to 220 K defines an upper lim
for the grain size. With« r52 ands/d50.1, we estimate an
upper limit ford of 180 Å. Thus a typical value of 100 Å fo
s1d appears reasonable and consistent with the hypoth
of the model.

According to the proposed picture, the decrease of c
ductivity during aging is only due to the increase of t

FIG. 12. Variation of the parameterT0 as a function of the aging
time for different aging temperatures. Solid lines are fits of the d
with Eq. ~9! ~see text for details!.
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tunneling lengths and of the charging energyEc . Both are
related to the conductivity by the single parameterT0 . A
good test for consistency of the model is to check if t
increase ofT0 correctly reproduces the decrease of the roo
temperature conductivitysRT during aging at a given tem
perature. From the evolution ofT0 ~the solid line in Fig. 12!,
the relative change in conductivity has been calculated
s}exp@2(T0 /T)1/2#. In Fig. 13, the result is compared to th
experimental data for the exampleTa5100 °C. Excellent
agreement is found.

VII. CONCLUSION

In the present work, the effects of aging on HCl-dop
polyaniline, at a constant temperature in air, were studied
combining thermogravimetric and elemental analyses, x-r
diffraction studies and conductivity versus temperature st
ies, as a function of aging time. From x-ray measuremen

FIG. 13. Room-temperature conductivitys~295 K! as a function
of the aging timeta at 100 °C. The solid line is obtained from
s(T)5s0exp@2(T0 /T)1/2#, with T0 given by Eq.~9! and s/d de-
rived from our model~see text!.
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clearly appears that the aging process is heterogeneous
sides the crystalline and amorphous emeraldine salt E
phases, a phase grows with aging time to the detriment fi
of the most disordered part of the material—amorphous
I—and, finally, of the ES-I nanocrystallites for long enoug
times. This phase, which is a damaged phase, is chara
ized by structural parameters similar to those of dedo
polyaniline, i.e., the emeraldine base. On the other hand,
conductivity data can be interpreted in terms of hopping
tween conducting grains separated by insulating barr
whatever the aging time is.

We have proposed an overall picture of the aging mec
nism, which lies on all the data. In this picture, the condu
ing grains are initially formed of ES-I crystallites surround
by shells of ‘‘paracrystalline’’ and ‘‘amorphous’’ materia
and they are progressively transformed into the dama
phase from the periphery toward the center of grains. Ass
ing that the growth of the damaged phase is driven b
diffusionlike kinetics, we succeeded in accounting quant
tively for the evolution of both the microstructure and th
conductivity upon aging. Moreover, from thermogravimet
and elemental analyses, we have demonstrated that con
to what is generally believed, dedoping due to evolution
gaseous HCl is not the leading mechanism for aging. Fro
chemical point of view, the formation of the damaged pha
appears to mainly consist of oxidation of the polymer ba
bone due to the presence of oxygen. A concomitant or s
sequent chlorination of rings, leading to an effective ded
ing of the polymer is strongly suggested.
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