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Abstract: This research article is intended for the novel study of thermal, electrical and dielectric properties of conducting

polyindole (PIn) as-synthesized through chemical oxidative route. The characterization techniques such as Fourier

transform infrared spectroscopy; X-ray diffraction and Thermo gravimetric-differential thermal analysis ensured the

structural and thermal properties of the as-synthesized materials. The dielectric measurements of the samples were

performed through AC impedance analyser in the frequency and temperature ranges from 20 Hz–1 MHz to 308–393 K

respectively. The variation of AC conductivity with frequency obeys Jonscher’s universal power law. The modulus spectra

depicted the non-Debye nature of the material. The dielectric studies of as-synthesized PIn samples validate their potential

utilization for energy storage application. The thermal study ensures that, the synthesized samples have fairly good thermal

stability.
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1. Introduction

In recent years, an aromatic nitrogenous conducting poly-

mers have been studied intensively that could find an

enormous amount of applications in different areas such as,

rechargeable batteries [1], light emitting diodes [2], sensors

[3, 4], electrochemical supercapacitors [5], memory storage

devices [6] and electrochromic displays [7]. Polyindole

(PIn) is one of the aromatic nitrogenous conducting poly-

mers investigated in detail with several advantages in

various electronics applications, due to its fairly good

electrical conductivity, good redox activity and high sta-

bility as compared with other conducting polymers [8, 9].

PIn is a conducting electroactive polymer. The indole

monomer can be normally polymerized after anodic oxi-

dation in various electrolytes. The electrochemical oxida-

tion of indole in LiClO4 containing acetonitrile electrolyte

solution gives electro-chromic polymer film received fairly

good air stability and depending upon synthesis procedure,

type and nature of dopant ions, its conductivity ranges

about 10-3–10-1 S cm-1 [10]. It has been rumoured

within the literature that synthesis techniques and concen-

tration of dopants, and some additives, like surfactants,

introduced during synthesis have effects on polymerization

yield and any other physical properties of PIn such as

morphology, electrical conductivity, thermal and mechan-

ical behaviour.

The conducting polymer, PIn, has been primarily syn-

thesized by either chemical or electrochemical process

[1, 11, 12]. Joshi et al. [13] have synthesized nanosized

gold (Au) and PIn composite via in situ polymerization of

indole, using metal salt chloro-auric acid as an oxidant, in a

microemulsion system. Recently, chemical synthesis of

conducting polymers has got much more importance not

only because of requirement of bulk quantity of polymers

but also due to the need of the particular morphology of

conducting polymers. In the conventional chemical syn-

thesis of conjugated conducting polymers are generally

formed with granular morphology and amorphous nature

[14–16]. Rajasudha et al. [17] reported that the synthesis of

PIn by the chemical oxidation method using SDS as steric
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stabilizer and obtained fine particles with 20 nm average

particle size. Wadatkar et al. [18] have studied the complex

optical properties of chemically synthesized PIn by using

FeCl3 as an oxidant in aqueous solution.

In the present work, indole (In), the monomer of PIn,

has been polymerized via chemically oxidative polymer-

ization in the presence of an oxidant (FeCl3) in aqueous

solution. There is no report on chemical synthesis of con-

ducting PIn in universal solution till date. The present

research article is an integrated report, which unified the

thermal, electrical and dielectric properties with varying

temperature of as-synthesized polymeric materials. The

characterization techniques such as Fourier transform

infrared spectroscopy (FTIR), X-ray diffraction (XRD) and

Thermo gravimetric-differential thermal analysis (TG–

DTA) were employed to study the structural and thermal

properties of the derived materials.

The chemical oxidative polymerization method is fre-

quently used for the synthesis of conducting polymeric

materials from different classes of monomers like aniline,

indole, pyrrole, etc. In this technique, the monomer is

characterized by electron donor properties and high oxi-

dation tendency due to presence of electron donor sub-

stituent in benzene or heterocyclic ring [19]. The oxidative

polymerization of monomer is takes place due to the action

of oxidizing agent. Generally, 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 [20]. During the chemical poly-

merization, temperature of the process is generally raises.

The majority of oxidative polymerization reactions are

exothermic. Scheme 1 shows the mechanism involves in

the chemical oxidative polymerization of PIn.

2. Experimental

Indole monomers, anhydrous iron (III) chloride (FeCl3),

and hydrogen peroxide (H2O2) from SD Fine Chemicals

(AR-grade) were employed in the current study without

further purification. The indole monomer was used as

received for synthesis of PIn. The different samples of PIn

were synthesized according to chemical oxidative poly-

merization method [18] by varying the stoichiometric

ratios of indole and FeCl3 as 70:30, 60:40, 50:50, 40:60 and

30:70 wt%.

The samples were characterized through FTIR, XRD

and TG–DTA techniques. The FTIR spectrum was recor-

ded on Shimadzu (Model-8201) spectrophotometer. The

FTIR was taken in the KBr medium at room temperature in

the region 4000–400 cm-1 at scan rate 16. The XRD pat-

tern of powder sample was recorded on Rigaku miniflex-II

X-ray diffraction using CuKa radiation (k = 1.54 Å) in the

2h range of 10–70�. The TG–DTA was carried out on

Shimadzu DTG-60h thermal analyser under nitrogen flow

at the heating rate of 10 �C min-1. The temperature of the

sample varied from room temperature to 600 �C. For

electrical measurements, samples were polished and con-

ducting silver paste was deposited on either sides. The

sample area was taken to be the area exposed to the elec-

trode surface. The two silver electrodes were used to

sandwich the sample in four probe cell technique. The AC

impedance measurements were performed through LCR

meter, Agilent Technology, Singapore, interfaced to a

computer for data acquisition over frequency range 20 Hz–

1 MHz and a temperature range 303–393 K. The LCR

meter was used in sandwich configuration in the present

study.

3. Results and discussion

3.1. FTIR analysis

Figure 1 shows the FTIR spectra of PIn powder samples

obtained from chemical oxidative polymerization with

different stoichiometric ratio of indole and FeCl3 as

(a) 70:30 (b) 60:40, (c) 50:50, (d) 40:60 and (e) 70:30 wt%.

The strong peak at 3496 cm-1 observed in the spectra

represents the characteristics absorption of the N–H bond,

which can be ascribed to stretching vibration [21, 22]. The

band at 1506 cm-1 can be ascribed to be the deformation

vibration of the N–H bond [23]. This can be the inference

that there are still N–H bonds on PIn backbone. The

spectrum showed the peaks at 1415 and 1690 cm-1 are due

to stretching mode of aromatic alkene and the peak at

725 cm-1 is due to bending mode of the aromatic alkene.

The single peak located at 1452 cm-1 is assigned to theScheme 1 Mechanism of chemical polymerization of PIn
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stretching mode of the benzene ring [24]. The band at

1335 cm-1 is attributed to the modes involving the C8–N–

C2–C3 group.

3.2. XRD analysis

Figure 2 depicts the XRD patterns of the samples of PIn

with different stoichiometric ratio of indole and FeCl3 as

(a) 70:30, (b) 60:40, (c) 50:50, (d) 40:60 and (e)

30:70 wt%. The broad humps are observed in the XRD

profile, which attributes to amorphous nature of as-syn-

thesized samples of PIn. In each case broad peaks are

observed at about 2h = 26.22�, 26.25�, 26.32�, 26.42� and

26.40�. The broad peaks are the characteristic of amor-

phous PIn [21] and are due to the scattering from PIn

chains at the interplanar spacing. However, the position of

the maximum intensity of the 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 [25].

R ¼ 5k=8 sin h ð1Þ

where R is the polymer chain separation, k is the X-ray

wavelength and h is the diffraction angle at the maximum

intensity of amorphous halos. The values of average

polymer chain separation are listed in Table 1.

3.3. Thermal analysis

The thermal decomposition of polymers can be analysed by

thermogravimetry technique. The typical TG curves of

normalized weight and derivative thermogravimetry (DTG)

data of the derivative weight of PIn with stoichiometric

ratios (50:50, 40:60, and 30:70) wt% of indole and FeCl3
are plotted as a function of temperature and shown in

Fig. 3a–c respectively.

The small weight loss of 3% observed in TG obtained in

air could be due to a loss of moisture trapped in the

polymer samples [26]. The dopant elimination occurs

between 453 and 633 K with a weight loss of about 30%.

The backbone rupture begins after the dopant elimination,

which leads to a further weight loss of about 45% at 785 K

[27].
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Fig. 1 FTIR spectra of PIn samples for different stoichiometric ratios

of indole and FeCl3 as (a) 70:30, (b) 60:40, (c) 50:50, (d) 40:60 and

(e) 30:70 wt%
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Fig. 2 XRD pattern of PIn samples for different stoichiometric ratios

of indole and FeCl3 as (a) 70:30, (b) 60:40, (c) 50:50, (d) 40:60 and

(e) 30:70 wt%
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3.4. AC conductivity measurements

Complex impedance measurements were carried out to

determine the electrical conductivity and also the AC

behaviour of PIn over wide ranges of temperature and

frequency. The temperature-dependent impedance data of

all the samples of PIn are analyzed. Figure 4 shows the

impedance plot (Z0 versus Z00) obtained for the samples PIn

with different stoichiometric ratios of indole and FeCl3 at

different temperatures. The trend of impedance obtained is

almost a semicircle exhibiting the single conduction

mechanism [28]. The centre of each semicircle is found to

be depressed below the real axis. This referred that asso-

ciated relaxation of charges (Polaron or free ions) repre-

sents non-Debye in nature [29]. The semicircle obtained is

decreases gradually with the rise of temperature showing

that the sample is more conductive at higher temperature.

A depressed semicircle is obtained by the extrapolation of

this plot. This depressed semicircle at the high frequency

region arises from the bulk relaxation effects. In some

cases, another semicircle is observed may be due to the

dopant remains as an impurity in the sample.

The study of frequency dependent conductivity spectra

could be well-established methodology for characterizing

the hopping dynamics of ions. Figure 5(a–e) shows fre-

quency-dependent conductivity plot of log (r) versus log

(x) for the PIn with stoichiometric ratios of indole and

FeCl3 as (70:30–30:70) wt% at various temperatures. The

conductivity is found to be nearly frequency-independent

within the low frequency region, suggesting that, the ionic

diffusion is random less via activated hopping process. At

high frequency region, dispersion in conductivity has been

ascertained. The high frequency dispersion is predominant

at lower temperatures. From Fig. 5, it is ascertained that

Table 1 Values of average polymer chain separation of as-synthe-

sized PIn with different stoichiometric ratio of indole and FeCl3

wt% ratios Prominent peak

position (2h)

Average polymer chain

separation (Å)

70:30 26.22� 1.86

60:40 26.25� 1.81

50:50 26.32� 1.72

40:60 26.42� 1.60

30:70 26.40� 1.62
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Fig. 3 TG-DTA Plots of PIn powder samples for stoichiometric ratios of indole and FeCl3 as (a) 50:50, (b) 40:60 and (c) 30:70 wt%
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the dispersion becomes prominent as shifted to higher

frequency region with rise in temperature. The frequency

dispersion characteristic within the high frequency region

has been analysed using Jonscher’s universal law relation

[30, 31].

rðxÞ ¼ rð0Þ þ Axn ð2Þ

where r (0) is the frequency-independent DC conductivity

of the sample, A is a weakly temperature-dependent

quantity and n is the power law exponent lying in the range

0\ n\ 1. The conductivity data of all PIn samples with

different wt% of indole and FeCl3 have been fitted to the

above equation [Eq. (2)]. The fitted curves are represented

by the solid lines in the Fig. 5 shows reasonably good

agreements with the experimental ones.

Figure 6 shows the frequency dependence plots of the

real part of dielectric constant (e0) at various temperatures

for PIn with (40:60) wt% of indole and FeCl3. It is found

that the value of dielectric constant for the polymeric

samples decreases with frequency at a particular tempera-

ture. This ensured that the concentration of charge carriers

decreases with the frequency and attains a constant value

which may be due to the effect of more rapid polarization

process in the sample [32]. In all the cases, above

10 rad s-1 the permittivity is observed to be nearly fre-

quency independent. However, a strong frequency disper-

sion of permittivity is observed in the low frequency

region. The decrease of dielectric constant with frequency

may be attributed to the electrical relaxation mechanism

[33, 34]. It is found that the temperature dependence of

dielectric relaxation peak xm obeys a simple Arrhenius

relation, xm = xm0 exp (E/KT) [35].

Figure 7 depicts the frequency dependence plots of

imaginary part of dielectric constant (e00) at various tem-

peratures for PIn with (40:60) wt% of indole and FeCl3. In

this figure it is observed that the loss factor e00 exhibit the

loss peak in the high frequency region. This behavior

indicates that the polarization of the samples obeys the

Debye model [31]. Here, again we have found that the

temperature dependence of dielectric relaxation peak xm

obeys Arrhenius formula (Table 2).
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Fig. 4 Cole-cole plot for as-

synthesized samples of PIn with

stoichiometric ratios of indole

and FeCl3 as (a) 70:30,

(b) 60:40, (c) 50:50, (d) 40:60

and (e) 30:70 Wt %
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Fig. 5 Variation of

conductivity with frequency at

various temperature for PIn with

stoichiometric ratios of indole

and FeCl3 as (a) 70:30,

(b) 60:40, (c) 50:50, (d) 40:60
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3.5. Modulus analysis

An alternative approach to investigate the complex elec-

trical response of materials is referred as electric modulus,

which compensate the electrode polarization effect. The

complex electric modulus (M*) is the reciprocal of the

complex permittivity (e*).

M� ¼ 1

e�
ð3Þ

M� ¼ M0 þ jM00 ð4Þ

where M0 real and M00 imaginary parts of complex electric

modulus. The real and imaginary parts of the modulus data

are calculated using the impedance data of glasses

measured at different temperatures using the following

the equations.

M0 ¼ xAe0Z
00

t
ð5Þ

M00 ¼ xAe0Z
0

t
ð6Þ

where x is the angular frequency, e0 the permittivity of free

space, A the area of cross section and t thickness of the

material [36, 37].

Figure 8 shows the M0 versus log (x) for PIn with

(40:60) wt% of indole and FeCl3 at different temperatures. In

the modulus curves, the continuous line represents guide to

eye of M0 curve, whereas the symbols correspond to the

experimental data. At higher frequencies, M0 reaches a max-

imum constant value M? = 1/e? and at low frequencies M0

approaches to zero indicates that the electrode polarization

makes a negligible contribution. The dispersion in between

these frequencies is due to the conductivity relaxation.

Figure 9 represents the M00 versus log (x) spectra plotted

at different temperatures for PIn with (40:60) wt% of

indole and FeCl3. It is observed that the shape of each

curve is asymmetric of non-Lorentzian type and with

temperature, the position of the peak frequency shifted

towards the higher frequency region. It could be explained

based on the distribution of attempt frequencies for the

barrier crossover or a distribution of jump or flight dis-

tances following the crossover [36, 38].

Two apparent relaxation regions appear in the plot of

M00 versus log (x), the region towards the left of the peak

(below 800 kHz) is associated to the conduction process

where the charge carriers are mobile over a long distance.

The region towards the right of the peak (above 800 kHz)

is associated with the relaxation polarization process where

the charge carriers are spatially confined to the potential

wells [36]. Similar behaviour is also observed in case of the

other samples. The non-symmetric modulus plot has been

expressed by stretching exponential relaxation (decay)

function.

The dissipation factor tan (d) = e00/e0 reflects the phase

difference due to the loss of energy within the sample at a

particular frequency. The frequency dependence of tan (d)

at different temperatures for PIn with (40:60) wt% of

indole and FeCl3 is shown in Fig. 10. At lower frequency

region tan (d) increases with rise in frequency and shows a

maximum at particular frequencies for different tempera-

tures. These maxima of frequency shifted towards an

increase in frequency for the rise in temperatures. The

increase in tan (d) may be due to the active component than

its reactive component. At higher frequency region, tan (d)

is decreases with frequency due to the increased reactive

component, whereas the active component of the current is

practically independent of frequency [38]. The observed

dielectric loss may be due to two main contributions. A

first part is the thermally activated relaxation of the Debye-

type freely rotating dipoles in which the thermal energy is

Table 2 Values of dielectric constants e0 and e00 (at 20 Hz and 1 MHz) for temperature 393 K of as-synthesized PIn with different stoichiometric

ratio of indole and FeCl3

wt% ratios e0 (at 20 Hz) e0 (at 1 MHz) e00 (at 20 Hz) e00 (at 1 MHz)

70:30 8361.66 1.76 193.16 1.54

60:40 11,232.64 0.52 378.76 0.54

50:50 10,854.46 0.41 165.86 0.84

40:60 8654.98 0.29 112.76 0.87

30:70 7858.65 0.42 109.65 0.72
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Fig. 8 Real part of the modulus versus log (x) for PIn with

(40:60) wt% of indole and FeCl3
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the only type of excitation. A second part occurs at higher

temperatures, which increases with temperature and is due

to electrical condition in which there is an electron phonon

interaction [39].

M00/M00
max versus Log (x/xmax) plots for PIn with

(40:60) wt% of indole and FeCl3 at different temperatures

are shown in Fig. 11. From figure, it is clear that, the

relaxation mechanism is temperature independent since all

the curves merged into a single master curve. This phe-

nomenon of relaxation mechanism is also reported [40].

4. Conclusions

In summary, we have investigated the electrical behavior

of chemically synthesized conducting PIn. The principal

bonding present in as-synthesized PIn powder samples was

confirmed from FTIR spectroscopy, whereas XRD profile

reflected the amorphous nature. The thermal study ensured

that, the as-synthesized samples have fairly good thermal

stability. The frequency dependence of AC conductivity

follows the universal power law. Dielectric behaviors of

these samples reveal the situation that the conducting PIn

exhibit a decrease in dielectric constant and dielectric loss

with frequency and temperature. The decrease in dielectric

constant with frequency is attributed to polar nature of the

material. The modulus analysis study reveals that the

electrode polarization has negligible contribution and

conjointly shows non-Debye nature of as-synthesized

samples. The tan (d) peak shifts to a higher frequency with

increasing temperature and is positioned at low frequency

region. The results have also showed the potential of as-

synthesized samples for energy storage application in

electronics devices such supercapacitor and rechargeable

battery applications.
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