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Abstract In this research article, as-synthesized polythio-
phene (PTh) were analyzed through FTIR, XRD, FESEM
and TG/DTA techniques. The polymerization of PTh were
confirmed through FTIR and XRD analysis. The tempera-
ture dependence of DC electrical conductivity of the
samples has been obtained over a temperature range from
303 to 393 K followed Arrhenius relation. The DC con-
ductivity of the samples was found to be in the range of
107°-10~* S cm™". The activation energies of the samples
were ranges between 0.23 and 0.14 eV. The variation of
AC electrical conductivity with frequency obeys Jonscher
power law. Moreover, dielectric studies were made using
AC impedance analyzer in the frequency and temperature
ranges 20 Hz—1 MHz and 303-393 K, respectively. The
maximum value of DC conductivity was found to be
2.14 x 107* S cm ™" at 348 K for PTh with stoichiometric
ratio (70:30) wt% of thiophene and FeCls, which increases
with temperature.

1 Introduction

Recently, conjugated conducting polymers founds great
applications in a variety of new areas, such as sensors [1],
rechargeable batteries [2, 3], capacitors [4], supercapacitors
[5, 6], fuel cells [7], light emitting diode [8], and photo-
voltaic devices [9], etc. The typical conducting polymers
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consist of polyaniline (PANi), polypyrrole (PPy), poly-
thiophene (PTh), and their derivatives. The conducting
polymers have most advantageous properties such as good
thermal and environmental stability, corrosion protection
of metallic electrodes, easy method of preparations [10].
The most common types of conducting polymers in their
neutral states are insulators referred to as conjugated
polymers. However, chemical or electrochemical treatment
to such conjugated polymers with oxidants followed by
anion intercalation can result in the formation of semi-
conductive or conductive states [11].

Among various studied conducting polymers, PTh is
extremely thermally stable organic conducting polymer
[11, 12]. Therefore, PTh is one of the most widely studied
of all conjugated conducting polymers. There are numerous
methods for synthesizing polymer, which will be remod-
elled into conductive polymers; the incorporation of
extended p-electron conjugation is of foremost importance
[13]. Normally, polymerization will be achieved by
chemical or electrochemical processes, which offer, sam-
ples with different morphologies and consequently slightly
different physical and chemical properties [14]. The syn-
thesis conditions and also the nature of the dopant anion
play a vital role within the polymerization process [15, 16].
The available literature disclosed completely different
methods for the synthesis of PTh like chemical [17],
electrochemical [18], photochemical [19], ultrasonic
assisted [20], etc. The nanoparticles of PTh has been syn-
thesized via Fe’'-catalyzed oxidative polymerization of
unsubstituted thiophene monomers in aqueous dispersion
[21]. PTh has been chemically synthesized, undoped using
aqueous ammonia and then re-doped using FeCl; as well as
iodine [22]. PTh containing 3,4-ethylenedioxythiophene in
a repeat unit was firstly derived by electro polymerization
of the corresponding monomer in acetonitrile. The polymer
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film showed high electrical conductivity comparable to
PTh and poly(methylthiophene) despite of its short m-
conjugation length [23]. Film shows surface phenomena,
where m-orbitals can easily delocalised, which results in
high electrical conductivity. The electrical conductivity of
PTh has been enhanced by surfactant additives, the highest
value for PTh with Tween 20 was reported to be
46 x 107" S ecm™' [24]. In an iodine doped PTh with
same crystallinity or even higher than undoped sample, DC
conductivity will further increase. Bipolarons are respon-
sible for increase in DC conductivity of PTh, when doped
with iodine [25]. Recently, it was reported that the opti-
mum conditions were explored to prepare the single-phase
product with a composition of Lig 1,(PTP)q s4Mo0S,. The
nanocomposite exhibits enhanced electrical conductivity in
the order of 1072'S cm™! at ambient temperature, resulted
from the incorporation of the electronically conductive PTh
between the semiconducting host layers and the coupling
between the guest conjugated p-orbits and the host layers
[26].

This research article is intended by presenting a more
systematic report on the novel one pot synthesis of con-
ducting PTh through chemical oxidative route at room
temperature. The samples of PTh are synthesized with
FeCl; as an oxidant in aqueous solution in the form of
pellets. In this manuscript we unified reports the thermal,
electrical and dielectric properties of as-synthesized sam-
ples of PTh. Moreover, infrared (FTIR) and X-ray
diffraction (XRD) techniques verified the existence of PTh
chains in as-synthesized materials, field effect scanning
electron microscopy (FESEM) was used to determine the
morphology, whereas thermo gravimetric/differential
thermal analysis (TG/DTA) was employed to study thermal
properties of derived polymeric materials.

2 Experimental
2.1 Synthesis of PTh

All chemicals, such as monomer thiophene, oxidant
anhydrous iron (III) chloride (FeCls), 0.1 M of hydrogen
peroxide (H,O,) used as catalyst, were of analytical grade
and procured from SD Fine Chemicals, India. The thio-
phene monomer was used as received for synthesis of PTh
without further purification. The sample was synthesized at
room temperature (303 K) by mixing monomer with FeCl;
in deionised water. The H,O, was used to enhance the rate
of reaction and also yield. After the rigorous stirring, drop-
by-drop monomer was added into the solution. The pre-
liminary polymerization process was identified by the
colour change (brown) of the reaction mixture. The

@ Springer

polymerization process was allowed for constant stirring
for 8 h with a magnetic stirrer at 30 °C. The resulting
precipitate was collected by vacuum filtration using cel-
lulose nitrate filter papers. The precipitate was washed with
copious amounts of triply distilled water until the washings
were clear and then kept for overnight at room temperature.
Subsequent to this step, samples were sintered at 60 °C for
30 min. In this way, different samples of PTh were syn-
thesized by varying the stoichiometric ratios of thiophene
and FeCl; as 90:10, 80:20, 70:30, 60:40 and 50:50 wt%.

The chemical oxidative polymerization method is gen-
erally used for the synthesis of conducting polymeric
compound from various classes of monomers like aniline,
thiophene, pyrrole, etc. In oxidative polymerization
method, the monomer is characterized by electron donor
properties and high oxidation tendency due to presence of
electron donor substituent in benzene or heterocyclic ring
[27]. The oxidative polymerization of monomer takes place
under the action of inorganic or organic oxidizing agent.
Normally, metal chloride is used as an oxidizing agent. The
cation or cation radical sites are generated in monomer
during this process, so formation of covalent bond between
monomer molecules and monomer form the chain structure
[28]. During the chemical polymerization, temperature of
the process generally increases. The majority of oxidative
polymerization reactions are exothermic. Scheme 1 shows
that mechanism involves in the chemical oxidative poly-
merization of PTh.

2.2 Materials characterization

The physico-chemical and thermal properties of as-syn-
thesized samples were characterized through FTIR,
FESEM, and TG/DTA techniques. The FTIR spectrum was
recorded on Shimadzu (Model-8201) spectrophotometer.
The FTIR was taken in the KBr medium at room temper-
ature in the region 4000—400 cm™" at scan rate 16. The
structure, morphology and grain size of the samples were
reported from FESEM (JEOL JSM-6360). The TG/DTA
was carried out on Shimadzu DTG-60 h thermal analyzer
under nitrogen flow at the heating rate of 10 °C/min. The
temperature of the sample was varied from room temper-
ature to 873 K. The AC impedance measurements were
performed through LCR meter, Agilent Technology, Sin-
gapore, in a frequency region of 20 Hz-1 MHz and a
temperature range of 303-393 K. For electrical measure-
ment, the as-synthesized polymeric samples were fabri-
cated in the form of pellets through KBr Press (0—15 Tons).
The values of diameter and thickness of all the five pellets
were same, which were found to be 0.738 and 0.186 cm,
respectively. In order to study electrical parameters, silver
electrodes are used.
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Scheme 1 Mechanism of
chemical polymerization of PTh
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<j_

QEoLpé

3 Results and discussion
3.1 FTIR analysis

FTIR spectroscopy has been employed to analyze the
interactions among atoms or ions in the structure. Figure 1
depicts the FTIR spectra of PTh powder samples with
different wt% of thiophene and FeCl; (a) 90:10, (b) 80:20,
(c) 70:30, (d) 60:40 and (e) 50:50 in the wave number
range 400-4000 cm™'. The spectrum showed the (C-S)
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Fig. 1 FTIR spectrum of PTh samples with different wt% of
thiophene and FeCl; as (a) 90:10, (b) 80:20, (c) 70:30, (d) 60:40
and (e) 50:50
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bending band at 780 em™'; (C-H) bending band at
1214 cm™' [24]; the bands at 1658 and 1436 cm™' repre-
sents the (C=C) symmetric and (C=C) asymmetric vibrat-
ing modes in the thiophene ring [29] and (C-H) stretching
vibration band at 2934 cm™' [22]. The major peak at
500 cm™' to the presence of C=C in PTh. The band at
699 cm™ ' represents C-S—C ring deformation which
appears with a shoulder peak due to increase in oxidant
concentration [24]. The weaker feature in the range
1030-1018 cm ™" corresponds to (C—C stretching + C-H
wagging components) [29]. The doping induced band at
1021 cm™" was originating from the changes in the con-
jugated backbone due to the electron withdrawing and
electron donating dopants on the polymer chain and the
counter ion balancing appeared at 1045, 1342 and
1436 cm™"' [30]. The slight shifting of peaks may be due to
different concentration of FeCls. The large descending base
line in the spectral region of 4000-2000 cm ™' was attrib-
uted due to free-electron conduction in the doped polymer.

This type of behaviour was not observed in undoped
polymer. The increasing conjugation shifted the absorption
frequencies of the polymer. These results are supported to
the polymerization.

3.2 XRD analysis

Figure 2 depicts the XRD patterns of the samples of PTh
with different stoichiometric ratios of thiophene and FeCl;
as (90:10-50:50) respectively. The XRD patterns of the
samples of PTh are amorphous in nature. In each case,
broad peaks are observed at about 20 = 18°, 18.1°, 18.16°,
18.12° and 18.08° (Fig. 2a—e). The broad peaks represent
the characteristic of amorphous PTh [31] and are due to the
scattering from PTh chains at the interplanar spacing.
However, the position of the maximum intensity of the
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Fig. 2 XRD pattern of PTh samples with different wt% of thiophene
and FeCl; as (a) 90:10, (b) 80:20, (c¢) 70:30, (d) 60:40 and (e) 50:50

amorphous halos is different from each other for each
sample. It may be interested to note that the peak position
of these amorphous halos depends on the concentration of
oxidant. The average chain separation can be calculated
from these maxima using the relation [32].

R =51/8sin0 (1)

where R is the polymer chain separation, A is wavelength of
X-ray source and 0 is the diffraction angle at the maximum
intensity of amorphous halo. The average chain separation
(R) was found to be 2.62,2.77,2.44, 2.56, and 2.69 A for PTh
with different stoichiometric ratios of thiophene and FeCl; as
90:10, 80:20, 70:30, 60:40 and 50:50 wt%, respectively.

3.3 Morphological investigation

The typical morphology of PTh powder derived by chemical
polymerization method was investigated by using FESEM
image. Figure 3 shows the surface morphology of PTh with
stiochometric ratio (70:30) wt% of thiophene and FeCl;. The
FESEM image shows the spongy and fibril structure with
2.5 um size. The phases present in the micrograph due to Cl
ions that remained as a dopant in PTh. The micrograph shows
irregular shape and size due aggregation up to some extent as
well as an agglomeration of particles.

3.4 TG/DTA analysis
Thermogravimetry is the most widely used tool to char-

acterize the thermal decomposition of polymers. The typ-
ical TG curves of normalized weight and derivative

@ Springer
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Fig. 3 FE-SEM picture of PTh with (70:30) wt% of thiophene and
FCC13

thermogravimetry (DTG) data of the derivative weight of
PTh with stoichiometric ratios (80:20, 70:30, 60:40) wt%
of thiophene and FeCl; are plotted as a function of tem-
perature in Fig. 4a—c respectively. All the DTG curves
illustrate that the decomposition process is a single-step. In
all three cases, there exists exotherm at 350 K which is due
to the elimination of dopant.

Thermal decomposition reaction of PTh with 80:20 wt%
of thiophene and FeCl; was observed at 479 K and end at
746 K with maximum rate of degradation at 605.15 K.
TGA (Fig. 4a) shows three weight-loss steps. The first step
(313479 K) is attributed to the evaporation of adsorbed
water molecules on the sample surface. The adsorbed water
amount is less than 6 %. The second weight-loss step from
about 479-746 K is complicated. This is attributed to the
loss of dopant anions bound to the PTh chain. The third
step weight loss occurs between 746 and 1023 K. This last
step is due to the skeletal PTh backbone chain structure
[33]. At the end, i.e. at 1023 K, the total loss is nearly
68 %. In Fig. 4b, the thermal decomposition reaction of
PTh with 70:30 wt% of thiophene and FeCl; was observed
at 469 K and end at 721 K with maximum rate of degra-
dation at 595.15 K, whereas TGA shows, the weight loss
up to 469 K is about 5 %, which is due to loss of water
molecules. The second weight-loss step occurs between
469 and 721 K. The third step lies between 721 and
1023 K. The total weight loss is about 63 %. In case of
PTh with 60:40 wt% of thiophene and FeCl; (Fig. 4c),
thermal decomposition reaction was observed between 425
and 710 K with maximum rate of degradation at 601.58 K.
TGA shows 6 % weight loss between 313 and 425 K could
be due to moisture trapped in the polymer. Within the
temperature range 425 and 681 K, the prominent weight
loss is observed. The third degradation step occurs between
681 and 1023 K. At the end, total weight loss is about
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Fig. 4 TGA-DTG curves for PTh with a 80:20, b 70:30 and ¢ 60:40
wt% of thiophene and FeCl;

70 %. Thus, it is concluded that, the thermal properties of
PTh as-synthesized using an oxidant FeCl; have been more
stable [34].

3.5 Impedance analysis
Figure 5 depicts the complex impedance plot of as-syn-

thesized samples of PTh at 348 K. The Z” versus Z/
impedance spectra represent that the semicircles are

depressed and their centres are shifted down to the real
axis, which indicates the distribution of relaxation time
[35].

Furthermore, the diameter and the maximum of semi-
circles for all samples decrease with increase in tempera-
ture, indicating an activated conduction mechanism [36].
The same plot of PTh with stoichiometric ratio (70:30)
wt% of thiophene and FeCly at different temperatures is as
shown in Fig. 6.

3.6 Temperature dependent conductivity

Figure 7 shows the variation of Ln ¢ with inverse absolute
temperature of PTh with different stoichiometric ratios of
thiophene: FeCl; (90:10-50:50). From the plot, it is
observed that the conductivity of PTh samples does not
show any abrupt jump with temperature, indicating that
PTh samples exhibit a completely amorphous structure.
PTh with a stoichiometric ratio of thiophene: FeCl; (70:30)
wt% shows optimum conductivity. This may be due to the
fact that extent of polymerization may be more rather than
other ratios, so that there may be more bipolarons available
for electrical conductivity. The optimum value of DC
conductivity may be due to least value of polymer chain
separation of respective sample. The least value of polymer
chain separation results in effective hopping mechanism.
The ionic conductivity increases with increase in temper-
ature for all the samples and this behaviour is in agreement
with the theory [37]. The ionic transport mechanism
interpreted the enhancement of the ionic mobility involving
coordinating sites, local structural relaxations and seg-
mental motion of the polymer chain in a free volume model
[38].

The activation energies were estimated from Ln ¢ ver-
sus 1000/T plots (Fig. 8) using the Arrhenius relation.

o = opexp(— E,/kT) (2)
4000
—0—(a)
3000 | O
_ —=—(d)
E +(C)
S 2000 |
N
1000 |
0 A
0 2000 4000 6000 8000
Z'(Ohm)

Fig. 5 Cole-cole plot for as-synthesized samples of PTh at 348 K
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Fig. 6 Cole-cole plot of PTh for (70:30) wt% of thiophene and FeCl;
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Fig. 7 Arrhenius plot for PTh with different stoichiometric ratios of
thiophene and FeCl;

where, o is a constant, E,, the activation energy, k, the
Boltzmann constant and T, the absolute temperature. The
activation energy, E, was calculated from the least square
straight line fitting of plot. The DC conductivity values for

5
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——348K —373K
-6 ——303K

7 *

Logo (Sem™)
&

Log f (Hz)

Fig. 8 Frequency and temperature dependence conductivity plot of
PTh for (70:30) wt% of thiophene and FeCl;
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the all the samples of PTh can be estimated from the
impedance. The values of DC conductivity ¢ and activa-
tion energy E, for PTh with different stoichiometric ratios
of thiophene and FeCl; are given in Table 1. Activation
energy and the slopes of the DC conductivity plot can be
expressed in the form [39].

3.7 Conductance spectra

The variation of conductivity as a function of frequency at
different temperatures for PTh with stoichiometric ratio
(70:30) wt% of thiophene and FeCl; is shown in Fig. 8.
From the plot, it depicts that in the measured frequency
range two distinct regions were observed, which is a low
frequency plateau region where the conductivity helps
understand weak frequency dependence and high fre-
quency dispersion region where it increases rapidly.
Moreover, the conductivity reveals dispersion with the
increase of temperature, which shifts to higher frequency
side (Table 2).

A convenient formalism to investigate the frequency
behaviour of conductivity at room temperature is based on
the power law proposed by Jonscher [40].

o(®) =c(0) +An" (3)

where o(®) is the total conductivity, ¢(0) is the frequency
independent conductivity, A is a constant which determines
the strength of polarizability and n is the power law
exponent lying in the range 0 < n < 1 that represents the
degree of interaction between the mobile ions with the
lattice around them. The conductivity data of all the sam-
ples of PTh with different stoichiometry of thiophene and
FeCl; have been fitted to the above equation which shows
good agreements with the experimental data.

The variation of imaginary part Z” with frequency at
different temperatures for PTh with (70:30) wt% of thio-
phene and FeCl; is plotted in Fig. 9. It is still remarkable
that the imaginary part Z” increases with frequency
reaching a maximum peak value then decreases as the
temperature increases. Moreover, the position of the
relaxation peak shifts to higher frequencies with increasing
temperature, in the same way, maximum peak values
decrease. This shifting behaviour obeys the Arrhenius
equation, which suggests that the ion transport follows the
hopping mechanism [41].

The Fig. 10 depicts the frequency dependence plots of
the real part of € at various temperatures for PTh with
stoichiometric ratio of thiophene and FeCl; as (70:30)
wt%. From the plot, it is clear that at a particular temper-
ature the value of € decreases with increase in frequency
that is the contribution from charge carriers towards the
dielectric constant decreases with increase in frequency
and attains a constant limiting value, which is not related to
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Table 1 Advantages in the sense of properties of PTh under study over the referenced work

S.N. Properties Advantages

1. Electrical ~ As-synthesized PTh shows conductivity at the order of 107* S cm™', hence such polymeric material has better performance
in the field of optoelectronic and electronic devices

2. Thermal  The thermal stability of PTh accomplished that this material is fit in the manufacturing of thermchromic devices, polymer
electrode, sensor etc.

3. Dielectric  The dielectric study of as-synthesized PTh reveals that such material is good for energy storage application such

supercapacitors and battery application

Table 2 DC conductivity (o), activation energy (E,) for PTh with different stoichiometric ratios of thiophene and FeCl;

Sample Conductivity (S cm™ ) at 303 K Conductivity (S cm ') at 348 K Activation energy (eV)
(90:10) wt% 8.42 x 107° 2.08 x 107° 0.23
(80:20) wt% 236 x 107° 493 x 107° 0.16
(70:30) wt% 1.09 x 107* 2.14 x 1074 0.14
(60:40) wt% 493 x 107 1.09 x 107 0.17
(50:50) wt% 3.07 x 107° 8.02 x 107° 0.19
5000 | —*308K -—=-323K 1000 ——308K
—+—348 K ——373K
303K 800 - -=—323K
4000 - ——348K
) —=—373K
= ] 600 -
S 3000 ' ——303K
« &
N 2000 | 400 |
1000 - 200
0] 0 R e
2 6 10 14 2 6 10 14
Logf (Hz) Log f (Hz)

Fig. 9 Plot of Z" as a function of frequency and temperature for PTh
with (70:30) wt% of thiophene and FeCl;

the hopping dynamics of mobile ions and may be due to the
effect of rapid polarization process occurring in the sample.
The high value of € in low-frequency region is a bulk
phenomenon, which may be due to the presence of metallic
or blocking electrodes which do not permit the mobile ions
to transfer into the external circuit that is charge accumu-
lation at the electrode-sample interface, as a result mobile
ions pile up near the electrodes and give a large bulk
polarization in the materials. In the high frequency region,
at low temperatures, the well-known non-Debye behavior
is observed [42, 43].

The variation of the normalized loss tangent with fre-
quency at different temperature for PTh with stoichiomet-
ric ratio of thiophene: FeCl; (70:30) is shown in Fig. 11.

Fig. 10 Frequency and temperature dependence plot of real part of
dielectric constant for PTh with (70:30) wt% of thiophene and FeCl;

The tan O increases with increase in frequency, attains
maximum values, and thereafter decreases with increase in
frequency. The frequency corresponding to the maximum
value of tan & was found to be shifted towards higher
frequency side with raising temperature. The loss tangent
peaks and their shift with temperature attribute to a
dielectric relaxation process [44].

3.8 Modulus analysis
The modulus spectroscopy describes the bulk dielectric
behaviour and dominates the effect of electrode polariza-

tion [42]. The electric modulus is described in terms of the
reciprocal of the complex permittivity &*
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Fig. 11 Variation of tan (3) versus log (f) for PTh with (70:30) wt%
of thiophene and FeCl; for different temperature

M*(0) = 1/ =M +jM” (4)

where, M’ is the real part and M” is the imaginary part of
the complex modulus M*(w). From the complex modulus
spectra, the conductivity relaxation can be analysed. Fig-
ure 12 represents M’ versus M” plot at different tempera-
ture for PTh with stoichiometric ratio of thiophene: FeCl;
(70:30). The presence of an arc in the complex modulus
spectrum concludes the single phase of the material. As
seen in the plot, M’ versus M” spectra depicts that the
semicircles are depressed and their centers are shifted
down to the real axis, which confirms the distributions of
relaxation time. This suggests the non-Debye type of
relaxation in such material [45].

The variation of normalized modulus (M'/M") versus
Log o at different temperatures for PTh with (70:30) wt%
of thiophene and FeCl; display in Fig. 13. The plot depicts
a long tail at lower frequency side, which is due to the large
capacitance associated with the material. The shape of the
spectrum remains constant but the position of the peak
maxima is shifted towards the higher frequency side along

0.12 |
——308K
0.09 - —=—323K
8 ——348K
= 0.06 - ——373K
——393K
0.03 -
0 w T T T T
0 0.05 0.1 0.15 0.2 0.25

M’

Fig. 12 Nyquist plot of electrical modulus for PTh with (70:30) wt%
of thiophene and FeCl; for different temperatures
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Fig. 13 Normalized modulus versus frequency plot for PTh with
(70:30) wt% of thiophene and FeCl; for different temperatures

1.2

——308 K

&
max

M”/M’

-10 7 -4 -1 2

Log (/@ pax)

Fig. 14 Variation of M"/M” ., with Log (®/®.) for PTh with
(70:30) wt% of thiophene and FeClj at different temperatures

with the temperature. This behaviour concludes that the
relaxation is thermally activated and hopping of charge
carrier takes place. The asymmetric nature of the plots
indicates a non-exponential nature of the conductivity
relaxation. Hence there exists an asymmetric distribution of
relaxation times [46].

M"/M" .« versus Log (0/®,,,) plots for PTh with (70:30)
wt% of thiophene and FeCl; at different temperatures are
shown in Fig. 14. All the curves merged into a single master
curve, which indicates that relaxation mechanism is tem-
perature independent. This phenomenon of relaxation
mechanism is also reported by Cheruku et al. [47].

4 Conclusions
In the summary of present work, we successfully synthe-

sized PTh by oxidative polymerization route using an
oxidant FeCl;. The principal bondings in PTh samples
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properly assigned to specific groups. The polymer chain
separation values of PTh samples were estimated using
XRD analysis. TGA curve showed that PTh with (70:30)
wt% of thiophene and FeCl; has more thermal stability
than other. The DC conductivity shows Arrhenius-type
temperature dependence. PTh with (70:30) wt% of thio-
phene and FeCl; showed the highest DC conductivity
(1.09 x 107* S em™ ) at 303 K and minimum activation
energy (0.14 eV). The initial increase in conductivity with
concentration of FeCl; may be due to increase in strength
of the oxidizing agent, which increases the rate of poly-
merization. Thereafter, the conductivity decreases with
increase in concentration of FeCls; because increasing
FeCl; concentration may stiffen the polymer chains. The
AC conductance spectrum obeys a Jonscher power law.
The dielectric constant of the as-synthesized polymeric
material decreases with increasing frequency and increases
with increasing temperature. From the conductance and
modulus spectra, it may be concluded that the charge
carriers are unique, which are responsible for both con-
ductivity and relaxation. Modulus analysis shows the non-
Debye nature of polymer.
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