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Abstract

The effect of thermal aging of 10—-90 wt% zeolite-conducting polypyrrole composite on its dielectric properties is studied in the frequency
range 102 to 2 x 10° Hz from room temperature to liquid nitrogen temperature. A dielectric relaxation mechanism, which appears in the fresh
samples, is influenced by the thermal annealing. The frequgroyhere a maximum of a dielectric loss peak is located decays exponentially
with the aging time and the intensity of the loss peaks shows a maximum at intermediate aging time. A modified Williams—Landel-Ferry
law describes the temperature variationfgf; in all specimens. Increasing activation energy values on increasing the aging duration are
obtained. The temperature dependencé,gf and the activation energy (regarded as the height of a potential barrier) are different from
those characterizing the macroscopic conductivity, which is described by the charging energy limited tunneling model. The intensity of the
dielectric mechanism in thermally treated samples deviates from the linear decrease with inverse temperature occurring in fresh polypyrrole.
Although the thermal degradation of the logarithm of the dc conductivity decays proportional with the root of the aging time, the equivalent
conductivity obtained from the dielectric data decays exponentially with aging duration. Time constants are obtained in both cases. The
model of Barton—Nakajima—Namikawa (BNN) can hardly interconnect the dc conductivity with the relaxation process in fresh sample. The
divergence augments with the aging time. The thermal aging law and the inadequacy of the BNN model probably indicates that the dc process
is probably irrelevant to the relaxation process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction is complexed with zeolite to produce high efficiency anodes
of power cells. Zeolite contains pores, channels and cages
Conductivity phenomena in conducting polypyrrole are of different dimensions and shapes and their surface is
the subject of numerous theoretical and experimental works, negatively charge-balanced with exchangeable cafiéhs
so as to have a unified picture of charge transfer in theseZeolite—polypyrrole composites have the advantage of fast
materials[1,2]. The applications of conducting polymers electronic mobility of polypyrrole and the capability of
are wide such as solar cells, pH electrodes, media for zeolite to incorporate cations into its structure.
hydrogen storage, electronic devices, {e5]. Polypyrrole The study of the thermal degradation of the electrical
conductivity has been used to determine the stability of
"+ Corresponding author. Tel.: +32 10 722 4444; fax: +32 10 766 1707.  conducting polymers and blends, a crucial factor for their use
E-mail addressapapathan@in.gr (A.N. Papathanassiou). in practical applications. In conductive polypyrrole, which
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has the granular metal structure, aging is attributed to the 3. Results and discussion

decreasing of the conducting grain size with a kinetic resem-

bling a corrosion mechanisff,7,3]. Moreover, the thermal The real and the imaginary parts of the permittivitdygnd
degradation law serves as a tool to check if the structure of thee”’) are related, respectively, with the real and the imaginary
conducting polymer is homogeneous or heterogeneous, of theparts of the complex conductivity(ands’") by the following
granular metal typ¢8]. Recently, we studied the dielectric relations[13]:

response of conductive polypyrrole and zeolite-conductive " (w)
o (w

polypyrrole at various weight fraction®]. The behavior &' (®) = 00 + (1)
varies from metallic to insulating, depending on the percent- gow

age weight fraction. The 10-90% (w/w) zeolite—polypyrrole ) o' () 0

has a semi-conductive behavior with well-defined dielectric &’() = 00— 200 + &4 (2)

loss peak within the temperature range from liquid nitrogen
temperature to room temperature. In the present work, wewheregg is the permittivity of free space, the high fre-
will see whether the dielectric loss (i.e., a bell-shaped peak quency permittivitygo the dc conductivity ang(; is the imag-

in the imaginary part of the permittivity versus frequency inary part of the permittivity after subtracting the dc compo-
diagram when plotted in a log—log representation) peak is nent:
sensitive to the thermal aging and if any relation with the
thermal degradation of the steady current exists. To the besteg =
of our knowledge, studies on the effect of thermal annealing
on the dielectric response is lacking in the literature.

o'(w) — 00 3)

Eow
3.1. Temperature dependence of the relaxation peaks

Isotherms of the measured imaginary part of the dielectric
constant versus frequency at 135K for fresh and thermally
treated sample are depictedHig. 1 At a given temperature,

2. Experimental

Freshly distilled pyrrole (Merc AR) was polymerized in
the presence of Feghs oxidant in hydrochloric acid—water
solutions at pH 2.00 in an ice bath. The molar ratio of oxidant 6

to monomer was 1:1 and the solvent used was triply distilled T=135K
water. Polypyrrole was obtained as black powder and was ] Aging time:
purified by Soxhlet extraction for 36[10]. Zeolite was pu- I oh: (1)
rified according to the following proceduf&l,12] First, it T 144 h @
was dispersed in distilled water and the emulsio was stirred 10° | 312 hj @)
for 24 h. The suspension then was purified by sedimentation ] )

to collect the <qum in diameter fraction, washing with 1 M
CH3COONa and CHCOOH (pH 5) to remove carbonate.
Then washing with 0.3 M sodium citrate, 1 M NaHg@nd
Nax S04 to remove free iron sulfide took place. The precip-
itate was dispersed in 100 ml 1N NaCl and was stirred for
30 min. The emulsion was repeatedly centrifuged in order to W
obtain the same type of exchange cations. Purified zeolite was
added to the polypyrrole solutions in the proper quantity to
obtain 10, 25, 35 and 50% (w/w) content of the zeolite. The
precipitates were washed with 1N HCI and dried overnight
under nitrogen atmosphere. From these polypyrrole/zeolite
disc shaped specimens 13 mm in diameter and about 1.5 mm
thick were made in a IR press.

The dielectric measurements were performed by placing
the specimens in a sample holder of a vacuum cryostat op- ]
erating at 1 Pa. Good contact between the surfaces of the L B B
specimen and the electrodes was achieved by attaching silver 10 10 10 10
paste. The temperature was monitored from room tempera- f (Hz)
ture to liquid nitrogen temperature. The measurements were
performed in the frequency rangej?Oto 2% 10°P Hz by a Fig. 1. The measured imaginary part of the permittivity (solid lines)

. . vs. frequency at 135K for the fresh and thermally aged 10-90% (w/w)
Solartron SI 1260 |mpedance analyzer' Thermal aging Waszeolite—polypyrrole composite. The dashed lines are the dielectric loss peaks

taking place at atmospheric conditions inside a furnace ther- ghtained from the measured valuedéafter subtracting the dc conductivity
mostated at 70C. component.




A.N. Papathanassiou et al. / Synthetic Metals 150 (2005) 145-151 147

10° 4 Table 1
] = ik The parameters of the modified Williams—Landel-Ferry (WLF) model
m . 143h fmax="fo exp T1/T+Tp) (Eq. (4)) used to fit the temperature dependence
n [ A 312h of the frequency valuefs,ax Where the relaxation peaks reach a maximum
) - :
Aging fo (Hz) T1 (K) To(K)  E(eV)
5
0y Og - [ time (h)
= AA ® 0 (8.1£0.7)x10° 272+5  37+1 0.0234+ 0.0003
T A Y 144 (6.9£0.2)x 1> 650+ 20 96+ 3  0.056+ 0.002
i, A @ 312 (2.9£0.2)x10° 770+ 40 108+6  0.066+ 0.004
= 10"
A A
indicate that the nature of relaxation does not involve the ro-
tational modes of permanent electric dipoles. The curvature
3 . . . . .
10 T ‘ T ; . observed in thémax(T) diagrams Fig. 2) indicates that the
0.004 %008., 0.012 phenomenological ‘apparent’ activation enefgyp,, which
T (K" is defined as the percentage variation of the relaxation time

upon T~ (Eapp=d In7(T)/d(1KT) = —d Infmaxd(T)/d(1KT)),
increases at high temperatures. This behavior is opposite to
that observed in dipolar relaxation, where cooperative phe-
nomenareduce the apparent activation energy with increasing
' temperaturgl5].

It is worth noticing how well the qualitative visualiza-
tion of Fig. 2 agrees with the quantitative results obtained
from the analysis of the experimental datalfle 1. The in-
crease of the relaxation times with aging matches well with
the increase of the activation energy values upon aging dura-
tion (Table J). It seems that the reduction of the conductive
grains in the polymer phase yield an increase in the effective
potential barrier separating sites involved in the relaxation
process. This statement is confirmed by dc conductivity and
thermopower experimental dd&]. Moreover, the shrinking
of the conductive grains with aging is general feature of
conducting polypyrrole, polyaniline and their blerjdl§,17].

The intensity of the relaxation peaks = &5 — £, Where
g5 IS the static permittivity and is the high-frequency
one, is plotted as a function of temperaturd-ig. 3. Ther-
mal aging results in an increase of the values compared
with those of the virgin specimen, indicating that, despite
the thermal degradation of the dc conductivity, more charge

Fig. 2. Thelocation of the dielectric loss peaks vs. reciprocal temperature for
the fresh and thermally aged 10-90% (w/w) zeolite—polypyrrole composite.

loge”(logf) decreases linearly in the low frequency range
with slope equal to-1, indicating that the conductivity is
frequency independent. Permittivity is suppressed after the
thermal treatment, due to the thermal degradation of the dc
conductivity. At higher frequencies, leg(logf) diverges
from linearity due to the presence of a dielectric relaxation
mechanism. Relaxation peaks (i} versus frequency) are
obtained after subtracting of the masking dc component from
the measured’ values Fig. 1). The dc component becomes
weaker on increasing the thermal aging duration as a result
of the thermal degradation of the electrical conductivity.
The relaxation peak shifts toward lower frequencies for
increasing aging time.

InFig. 2 the frequencymaxwWhere arelaxation peak has its
maximum is plotted as a function of temperature, for fresh
and aged samples. The physical meanindak is found
in fmax(T) = 1/271(T) [13], wherert is a characteristic relax-
ation time. Within this frame, thermal aging augments the
relaxation time, i.e., the relaxation time increases after ag-
ing. The experimental data deviate from a simple Arrhenius
law, i.e.,fmax="fo exp (E/KT), wherefy is the constank the

Boltzmann’'s constant anfl is the activation energy corre- 4000 —

sponding to the relaxation process. We have used a modified B Virgin

Williams—Landel-Ferry (WLF) relatiofi4] to match the ex- : 14d-h

perimental results: ® S12h
T w 3000 ®

= foexp| — 4 <

fmax= fo p( T+T0> 4) A

whereT; and Ty are fitting constants. Note that the sign of A

To is negative for rotating permanent dipol&sx~ KTy is la- 2000

beled here as the activation energy for relaxation, to keep [

a common notation with the dc conductivity analysis men-

T T T T T
0.004 0.008 0.012

T(KT

tioned below.E is the height of the effective potential en-
ergy barrier separating sites involved in the relaxation pro-
cess. The parameters obtained by fitting of the last equation

(EQ_- (4) .tO the eXperimenFa_-l data appearingHig. 2 are Fig. 3. Theintensity ofthe dielectric loss peaks vs. reciprocal temperature for
enlisted inTable 1 The positive values of the paramefer the fresh and thermally aged 10-90% (w/w) zeolite—polypyrrole composite.
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Fig. 4. Thermal degradation of the peak maxinmfaz. Fig. 5. Thermal degradation of the intensity of the relaxation peak. Data
points are connected with straight lines for a better understanding of the

carriers contribute to the ac response after thermal aging. In®292™

the ac response the charge carriers oscillate between adja-

cent potential wells, though in the dc conductivity have to conductivity is given by:

move a distance comparable to the sample dimensions to

produce a macroscopically measurable result. With aging, 4(7) = Cexp(— 1o ) (5)
the polymer chains among other distresses, suffer division T'+To

iQ smaller pieces, which prgvents carriers fro'm' Ipng-range This relation was used to analyze(T) of fresh polypyr-
displacement, however, giving them the possibility to con- (gle and zeolite polypyrrole composites with 10, 25
tribute to ac conductivityAe decreases with temperature as 5nq 35wi% in zeolite[9]. The fit was satisfactory ex-
—1 : f : : : . .
Aeoc T for fresh sampleRig. 3). This behavior is pre-  cept for the 10wt% composite, where the fit was poor,
d!ctgd by the randi)m fr(_ae—energy be}rrler moﬁiﬂ]..A de- i.e., C=(6+9)x 10-3S/cm, Ty, = (20004 2000)K and
viation from theT~* law is observeq in aged specimens: Iq To= (300 200) K [9]. Things are worse for the thermally
the high temperature region such divergence is strong, whileteated 10-90% (wiw) zeolite polypyrrole blend, as &).
Ae seems to stabilize below 200 K. The peaks shift to lower f5is at all to match the(T) data points. Alternatively, in the
frequencies on increasing aging time as can be seféigin, temperature range where our experiments were carried out,
wherefmax decreases monotonically with aging. The dielec- e gc conductivity of polypyrrole might well be described by
tric intensity exhibits a maximum at about 144 h annealing he charging energy limited tunneling (CELT) mogid,22]
(Fig. 9. that is consistent with the picture of a material with hetero-

The low frequency region of the permittivity spectra is geneous structure of the granular metal type:
characterized by the frequency independent conductiity

The latter is related with macroscopic conductivity, whereas c ( (T10>1/2>
exp| —

charge carriers transfer along the volume of the specimen"O(T) = D (6)
under the influence of slowly varying external electric field.

The temperature variation of the dc conductivity of polypyr- whereC is a pre-exponential factor anfi, is a constant
role is usually governed by the fluctuation-induced tunneling which, when multiplied by the Boltzmann’s constant, results
(FIT) model, in which parabolic insulating barriers internee in the activation energy of the dc conductivity (i kT, ).

between large conducting graif9,20] In FIT model the Note that such equation applies in low conductivity samples
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102+ the interest of many researchers. The experimental data usu-
] ally obey the following law{7,8]:
1 ||
i |
1075 = . !
E I 0de(r) = odc(t = 0)exp| — | —amo (7)
] ° I
— L]
5 10°; 2 i A wheret denotes the aging timec(t=0) is the dc conduc-
. : tivity of the fresh specimen and®"%s a time constant; the
o .
. A N g largerzs 9"is, the more stable the materialis. dc conductivity
10 . .
® 144h values were obtained from the low-frequency domain of our
ol measurements, where conductivity is frequency independent
io7 . . . i . and is labeled and corresponds to macroscopic charge flow
100 200 300 along the whole volume of the specimenHig. 7, the loga-

rithm of o is plotted as a function at2. The phenomenonis
well described by the above mentioned degradation law (Eq.

Fig. 6. Temperature independent conductivigy which correspondstothe  (7)). The aging time COﬂStamfgmgObtained by applying Eq.
macroscopic conductivity, vs. temperature. (7), at various temperatures, varies from 82 hi(at82 K) to

. . i 150 h (at room temperature).
of polypyrrole[23-26} Eg. (6) is typical for quasi-1D hop- To compare the thermal degradation of the short-

ping[27] (probably hopping between localized states along a range  conductivity (i.e., the localized ac conductivity
polymeric chain that interconnects two crystalline (metallic) 5ckward—forward motion of charge carriers) with the long-

regions) or 3D hopping in the presence of electron—electron ;g6 one (i.eqq), it is necessary to calculate the equivalent
interactions or tunneling between mesoscopic metallic is- conductivityo™ from the dielectric datl3]:

lands[28]. The CELT model describes well they(T) data

depicted inFig. 6. The parameters of E¢6) that best fitthe 0™ = 27 fmaxéo Ae (8)
data points are enlisted rable 2 The increase of the activa- The equivalent conductivity data do not obey EA). In-
tion energy after the thermal annealing could be attributed to stead, the thermal annealing results in a simpie exponential
the reduction of the size of conducting grains, but the maxi- decay':

mum observed at 144 h contradicts this idea.

Comparing Eq(4) with Eq. (6), we note thafyax andog t
- £20ing
2

T(K)

9)

have different temperature dependencies. Additionally, the @ () = o™( = 0) exp
activation energy values for relaxatiomaple 1 are an or-

der of magnitude smaller than those corresponding to the yhere29™9 denotes the characteristic time constant. As can
dc transport Table 9. Macroscopic conductivity traces the e seen irfrig. 8, Eq.(9) fits very well the experimental data.

hlghe_r potential energy bam_ers, while relaxation mvolve_s The aging time-constamﬁgmgvaries from 280 to 380 h. The
hopping between adjacent sites separated by lower barrier. ging aging

Moreover, the activation energy for relaxation increases with 29in9 time-constantg " andz;*"at various temperatures
agingtime, while, forthe dc process, it maximizes at 144 h du-
ration. The temperature-dependence results indicate that the

short-range backward—forward hopping involves a different
process from than that of the macroscopic conductivity.
. . . -4
3.2. Thermal degradation of the electrical conductivity
and the dielectric response =
& .
The concept of thermal degradation of the dc conductivity 90 -
. . . L ]
ogc Of conductive polymers on aging duration has attracted % A 247K
o X 173K
Table 2 -6 : JS?E
Parameters of the charging energy limited tunneling model (CELT) obtained ] & 82K
by fitting Eq.(6) to theoo(T) data, which are determined from the frequency-
independent conductivity (low frequency region) -7 T T T
— 0 5 10 15 20
Aging time (h) C (S/cm) Tis (K) E (eV) e 1
t" (h
0 2.3+ 0.5)x 103 12004200 0.10+0.01 )
144 94+ 2)x10™* 36004400 0.31+0.04 i i -
312 (164 0.9)x 104 22004 900 019+ 0.08 Fig. 7. The logarithm of the dc conductivity componentvs. the square

root of the aging time. Lines are the best fits to the data points.
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Fig. 8. The quantity 2fmaxeo Ae Vs. aging time. Lines are the best fits to Fig. 9. Time constants of the thermal degradation of the dc component of
the data points. the conductivity ¢5°™) and dielectric relaxation peaky"™).

are depicted ifrig. 9. An increase of the time constant with  materials, was attributed to over-simplifications of the theo-

temperature is a common trend in this diagram. It is worth retical model: the material characteristics and the nature of
to notice that the largest time constant values obtained from charge carriers are ignored, a fixed hopping mechanism is
the degradation of the dielectric loss peak are observed aboveyssymed, dipole relaxation and many body long-range in-
200K and it is perhaps related with the increased values of taraction are ignored, etf15]. It seems that the validity of

Ae detected in the same regiokig. 3). The different man-  the BNN model depends strongly on the concentration of

ner in whichoo and Zrfmaxeo Ae degrade with the thermal  charge carriers, i.e., the degree of protonation of the poly-

treatment duration indicates that long-range and short-rangemeric phase. Coupling between dc conductivity and dielectric
electric charge transport involve different processes.

3.3. Effect of thermal aging on the applicability of the

Barton—Nakajima—Namikawa model el
dc and ac conductivity are interconnected through the A ®D@
Barton—Nakajima—Namikawa modgl9-31] The position 3 e >, A
of the relaxation mechanism be determined by the dc con- ‘1’; @x
ductivity, through the so-called BNN condition: = %}W 3 O 296K
1 oo IRTE & i
- 10 o V Aging time:|| & 173K
JmaxBNN Pmp 20 AE (10) & Og',?:g(;;”e o 135K
. ) L 144 h: (2) v 107K
wherepis a constant of the order of unity. Such correlation in i 312 h: (3) & 82K
conductive polymer§l5,32,33,9]is justified in some cases - e — —
but fails in others. IrFig. 10 27fmaxeo Ae is plotted against 107 108 102 107
oo. We observe that the experimental data points can hardly o, (S/m)

match the prediction of the BNN model for the fresh sample,

but, as_the aging time augments, the di\_/ergence INCreasesrig. 10. Log-log representation ofrBnaxeo A¢ Vs. ap for fresh and aged
Such disagreement, that was observed in some amorphouspecimens. The solid line represents the prediction of the BNN model.
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