Asian Journal of Chemistry; Vol. 35, No. 9 (2023), 2131-2142

ASIAN JOURNAL OF CHEMISTRY

5121 Journa) of Chems

€ ASIAN JOURNAL
> OFCHEMISTRY

4

https://doi.org/10.14233/ajchem.2023.28096

DR. RK. AGARWAL

PANI/Short Nylon Fiber/Natural Rubber Conducting Composites: Dielectric Properties

SARITHA CHANDRAN A

Department of Chemistry and Centre for Research, St. Teresa’s College (Autonomous), Ernakulam, Kerala-682011, India

Corresponding author: E-mail: sarithachandran @teresas.ac.in

Received: 3 June 2023; Accepted: 11 July 2023;

Published online: 31 August 2023; AJC-21354

Polyaniline/polyaniline coated short nylon fibre/natural rubber (PANI/PANI-N/NR) and PANI/NR conductive polymer composites (CPCs)
were prepared by mechanical mixing on a two-roll mill. PANI-N provides both conductivity and good mechanical properties to the CPCs.
Such CPCs exhibiting improved mechanical properties are anticipated to have numerous applications in various devices. The frequency |

and temperature dependence of dielectric properties of polyaniline (PANI), natural rubber (NR), PANI/NR and PANI/PANI-N/NR CPCs in |

| the frequency range 0.1 to 8 MHz and in the temperature range of 303 to 393 K, were investigated. Different theoretical equations and |
| mixture equations were applied to fit the observed dielectric data of the prepared CPCs.
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INTRODUCTION

New high-dielectric constant materials that combine desir-
able dielectric qualities with adequate mechanical strength and
processing ease are needed for the development of electronic
devices operating at high operating frequencies, such as fast
computers, cell phones and other such devices [1,2]. Making
embedded capacitors for integrated electronic devices, in parti-
cular, calls for materials with high dielectric constants [3,4].
It is challenging to produce a material with the specific blend
of mechanical and dielectric properties in a single component.
Pure polymers are simple to work with mechanically durable
components, although they often have low dielectric constants
[S].

However, common high dielectric constant materials,
including ferroelectric ceramics, are brittle and need high temp-
erature processing, which is frequently incompatible with the
state of circuit integration technology [6]. Designing a high
dielectric constant material that is mechanically strong and
processable at room temperature would be the optimal way to
create such a one-component substance. This has increased
interest in hybrid materials that combine the desirable features
of the constituents, such as conducting polymer/polymer com-
posites and polymer/ceramic composites.

The electronics industry has conducted substantial research
on conducting polymer systems, which consist of a conducting

polymer spread inside an insulating polymer matrix [7-10].
These materials can be employed in a wide variety of device
applications due to their excellent mechanical properties,
fascinating electrical properties and high dielectric constants.

A high dielectric constant can be attained using poly-
aniline (PANI) and various PANI/polymer blends, according
to some studies. For instance, a partly crystalline PANI sample
system [11] has a dielectric constant of > 10", For this system,
an inhomogeneous disorder model was put forth, in which a
region of ordered (crystalline) structure, defined by 3D metallic
states, is coupled to a region of amorphous polymer chains,
where 1D disorder-induced localization predominates. Camphor
sulfonic acid (CSA), dodecylbenzene sulfonic acid (DBSA)
and polystyrene sulfonic acid (PSSA) were used by Das et al.
[12] to make three composites. In the frequency range of 42
kHz—2 MHz and the temperature range of 300-330 K, the
dielectric and AC conductivity measurements of the undoped
and doped PANI were investigated. For all PANI composites,
the dielectric constant increased as the temperature rose. This
indicated the increase in mobility of the electric dipoles in the
polymers. When compared to interfacially polymerized nano-
fibres, the dielectric constant for DBSA doped PANI was over
5000, which is significantly greater than that of undoped PANI,
where this value is roughly 800. The AC conductivity of the
composites was found to be significantly higher.
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Dash et al. [13] prepared novel multifunctional conductive
blends and nanocomposites based on thermoplastic polyurethane
(TPU), polyaniline (PANI) and functionalized single-wall carbon
nanotubes (SWCNT) with excellent dielectric, mechanical and
thermal properties. The TPU/PANI blend’s improved thermal
stability over PANI supports the development of chemical
connections at the interface. A wide variety of applications
have investigated the impact of PANI loading and temperature
on the dielectric relaxation behaviour. In a broad frequency
range (1-10° Hz), the impact of PANI loading and temperature
on the dielectric relaxation behaviour has been investigated.
The increased value of dielectric permittivity has verified how
easy it is to polarize the dipoles in PANI and SWCNT. When
compared to an unfilled TPU/PANI mixture, the dielectric
permittivity and AC conductivity of TPU/PANI/SWCNT
nanocomposites showed a significant improvement at an
extremely low SWCNT loading level (0.5 wt%).

Rozik & El-Messieh [ 14] conducted dielectric and electrical
conductivity tests on polystyrene and polyaniline (PS/PANI)
blends made by casting. By increasing the PANI content in
the PS/PANI blends, the values of increased, but they remained
within the range of (107'° S cm™), leading to the conclusion
that PS/PANI with a concentration of 10% PANI held the best
electrical properties. The second step involved selecting the
best PS/PANI blend to combine with polyionic liquid in order
to get improved performance. According to their research, the
values of AC conductivity improved by two decants to be in
the range of 10* S cm™, which is much beyond the threshold
for usage in electrostatic dissipation applications.

The electrical properties of polyaniline/polyimide blends
[15], polyaniline/polychloroprene composite [ 16], polyaniline/
polyvinyl chloride blends [ 1 7] were also reported. The dielectric
behaviour of conducting composites depends mainly on the
method of preparation, conductivity, molecular structure, particle
size and crystal structure [18-20]. It also depends on external
factors such as frequency of the applied voltage, temperature,
pressure and humidity [21,22]. Since the properties of the
conducting polymers and conducting polymer composites
(CPCs) are very much dependent on the microstructure, nature
of dopant used, type of matrix and the processing variables,
study of dielectric properties of these materials assume
significance. Dielectric properties of polymers and polymer
composites, like those of other dielectric materials are usually
expressed in terms of its resistivity, condu-ctivity and complex
permittivity. These quantities are functions of temperature and
the type i.e. AC/DC and magnitude of the voltage applied [23-
25]. Frequency and temperature dependence of dielectric
properties of the CPCs throw light on the dielectric polarization
and on the conduction mechanisms.

In this work, the polyaniline/natural rubber conducting
polymer composites (PANI/NR CPCs) and PANI/polyaniline
coated short nylon fiber/natural rubber composites (PANI/PANI-
N/NR CPCs) were prepared by mechanical mixing. The details
of the preparation and their characterization are described
elsewhere [26]. It was found that the PANI/PANI-N/NR CPCs
had improved mechanical characteristics and high conductivity.
If these CPCs also possess good dielectric properties, they

can be employed in a variety of device applications. In this
study, the dielectric characteristics of PANI, NR and PANI/
PANI-N/NR CPCs were examined in relation to frequency and
temperature. Different theoretical equations and mixture equa-
tions are applied to fit the observed dielectric data of the CPCs.

EXPERIMENTAL

Sample preparation: Preparation of PANI and PANI coated
short nylon fibres (PANI-N) has been reported earlier [26].
The PANI/NR and PANI/PANI-N/NR composites were prepared
using a two-roll mill through mechanical mixing. Table-1
contains the preparation formula for the composites. Two series
of CPCs were prepared, first with varying amounts of PANI
(P-series) and the second with varying amounts of PANI-N
(F-series), their cure parameters, cure kinetics, filler dispersion,
mechanical, electrical and thermal characteristics are reported
earlier [27].

TABLE-1
FORMULATION FOR THE PREPARATION OF CPCs
Ingredients P series F series
(phr’) NP, NP, NP, NP, | N, NFE NF,
NR 100 100 100 100 100 100 100
PANI 0 40 90 140 90 90 90
PANI-N* 0 0 0 0 40 80 120

“Parts per hundred rubber, *PANI coated etched fiber, All the mixes
contain Stearic acid- 1 phr and DCP- 3 phr.

Dielectric measurements

Method of measurements: The dielectric constant or per-
mittivity is defined as the ratio of the field strength in vacuum
to that in the material for the same distribution of charges.
Dielectric constant is dependent on parameters like temper-
ature, orientation, molecular structure of the material and
frequency of the applied field. An electrical conductor charged
with a quantity of electricity q at a potential V is said to have
a capacity C = g/V. The capacity of a sample parallel plate
capacitor is given by:

c=2 ey

d

where A is the area of the parallel plates, d is the separation
between the plates and € is the ratio of dielectric constant of
the medium between the plates to that of free space. When a
parallel plate capacitor with a dielectric in between is charged,
then the capacitance (C) is given by:
_ggA
C== @)
where A is the area of sample, d is the separation between the
plates, &, is the permittivity of free space and €, is the dielectric
constant of the material between the plates. Dielectric constant
of the samples can thus be calculated if the capacitance, area
and thickness of the samples are known. Thus, dielectric constant
is presented as:

Y 3)
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The AC electrical conductivity can be calculated utilizing the
dielectric parameters using eqn. 4:

G, =2nftandd¢ g, 4)

where f is the frequency of the applied field and tan J is the
loss factor. The principle and theory underlying the evaluation
of 6ac from dielectric measurements is based on a treatment
dealt by Goswamy [28].

Cell measurements: The dielectric properties of the CPCs
were studied using a dielectric cell and an impedance analyzer,
Hewlett Packard 4192A. The cell was standardized using
Teflon pellets and lead. The fringe capacitance was eliminated
by employing a procedure suggested by Ramasasthry et al.
[29]. The samples, in the form of pellets of diameter 12 mm
and ~ 2 mm thickness were mounted in between two copper
disc electrodes. The capacitance of the samples was measured
in the frequency range 0.1 to 8§ MHz and in the temperature
range 303 to 393 K. The data acquisition was automated by
interfacing the impedance analyzer with a computer. For this,
a virtual instrumentation package, based on a graphical progra-
mme was employed. This package is called LabVIEW, a base
software package for implementing the virtual instrumentation
and G programming. After obtaining capacitance and dielectric
loss from the instrument, the LabVIEW software first calculates
the dielectric constant and then evaluates the AC conductivity
of the samples.

RESULTS AND DISCUSSION

Dielectric permittivity

Frequency dependence of pristine PANI: Fig. 1 presents
the variation of dielectric permittivity (€') i.e. the real part of
complex permittivity, of pristine PANI with frequency. The
permittivity decreases with increase in frequency at all temp-
eratures. This is more pronounced at low frequencies. Finally,
it reaches a constant value at all temperatures. The decrement
in permittivity with increase of frequency reveals that the
systems exhibit strong interfacial polarization at low freque-
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Fig. 1. Variation of dielectric permittivity of PANI with frequency

ncies. As reported by other authors, the strong low frequency
dispersion of permittivity is a characteristic of charged carrier
systems [30]. This is the normal behaviour found in the case
of PANI [31] and such behaviour can be explained on the basis
of Maxwell-Wagner theory for interfacial polarization [32].
Temperature dependence of pristine PANI: Fig. 2 shows
the variation of dielectric permittivity of pristine PANI with
temperature at different frequencies. Generally, at any parti-
cular frequency, the dielectric permittivity decreases with temp-
erature up to 333 K and then increases with increasing temper-
ature. This behaviour is more pronounced at lower frequencies.
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Fig. 2. Variation of dielectric permittivity of PANI with temperature

Dielectric behaviour of conducting polymers depends on
their structure. PANI aggregates are made up of small grains,
which are formed from still smaller primary particles. These
primary particles have a metallic core surrounded by an amor-
phous non-metallic shell. This forms a heterogeneous structure
as put forward by Maxwell-Wagner. In the Maxwell-Wagner
model, well conducting grains are separated by poorly condu-
cting grain boundaries. The increasing permittivity value with
increasing temperature is in accordance with Maxwell-Wagner
theory, which means that at higher temperatures, Maxwell-
Wagner type of polarization is predominant. It can be seen
from Fig. 3 that at 303 K, PANI has a permittivity of 76 and at
393 K, the value is 712 at 0.1 MHz. The high values of dielectric
permittivity at lower frequencies can be accounted for by empl-
oying Koop’s theory, which is based on Maxwell-Wagner model
for heterogeneous double layer dielectric structures [33-35].

Frequency dependence of dielectric loss factor of pristine
PANI: The variation of dielectric loss factor (€”), i.e. the imagi-
nary part of complex permittivity with frequency is presented
in Fig. 3. It decreases with frequency at all temperatures as in
the case of dielectric permittivity and reaches a constant value.
The decrease is more pronounced at lower frequencies, since
the dependence of loss factor of PANI with frequency appears
as straight lines at lower frequencies, at low temperatures.
Beyond 353 K, deviation from straight line is observed.
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Fig. 3. Variation of dielectric loss factor with frequency
The loss factor (&5,;) must be regarded as the sum of contri-
butions of three distinct effects [36] as:

e =€ +eL, e ®)
where €5¢ is due to DC conductance, eyw is due to interfacial
polarization and € is the usual dipole orientation or Debye
loss factor. Different mathematical equations have been devel-
oped to distinguish between loss arising from a DC conduc-
tivity process and from other sources of different processes.
These equations were developed by considering the sample
as parallel resistor-capacitor circuit [37-39]. The loss factor
due to DC conductance (ec) is given by eqn. 6 [38]:

1.8x10%[G
_ [ spec] (6)

DC —

f
where Gg. 1s the specific conductivity (S/cm) of the sample.
The loss factor due to the Maxwell-Wagner or interfacial
polarization (€yw) is represent by eqn. 7 [40]:

0.015
0.014] —O0— 303K
0.0134 —@— 313K
0.012_- —4A— 333K
00114 —¥— 353K
0.010_- & 373K
0.009 1 —*— 393K
. 0.0087
= 0.0071
0.006 )
0.005 e
0.004 s
00034 - 7
0.002 7 .
00014 X
04 Kk -k %% koo
510 5I.5 6'.0 615 710
log f (f in Hz)

with dipolar relaxation, whereas at lower frequency and higher
temperature, the contributions of interfacial polarization
(Maxwell-Wagner type of polarization) and DC conductivity
become more significant in both €” and €”. Interfacial polari-
zation arises mainly from the existence of polar and conductive
regions dispersed in relatively less polar and insulating matrix.
This phenomenon is particularly important in conjugated
polymers and may interfere on the relaxation process analysis.
Therefore, several authors prefer to describe the dielectric
properties of these systems by using the electric modulus form-
alism [30,41-44]. The complex electric modulus is derived from
the complex permittivity, according to the relationship defined
by Macedo et al. [45]. The real and imaginary parts of the
electric modulus (M” and M”) can be calculated from € and
€”, as follows [46]:
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Fig. 4. Imaginary part of electric modulus of pristine PANI (a) isothermal plots (b) isochronal plots
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The electric modulus representations of dielectric process
give us some idea of relaxation of dipoles that exists in different
energy environments, independent of the strong effect of DC
conductivity, which often mask the actual dielectric relaxation
processes active in these types of systems. Fig. 4 shows the iso-
thermal and isochronal dependence of the imaginary part of
electric modulus (M”) with frequency and temperature, respe-
ctively, of pristine PANI. PANI exhibits only one broad peak,
both in isothermal and isochronal plots with a narrow distri-
bution of the relaxation, indicating a uniform system and a
single relaxation process. The peak shifts to higher frequencies
in the isothermal plots with increasing temperature upto 333
K. With increasing frequency, the peak height increases initially
upto 3 MHz, which then decreases.

Effect of frequency and temperature of natural rubber
(NR) gum vulcanizate: The frequency and temperature depen-
dence of NR gum vulcanizates is shown in Fig. 5. As frequency
increases, dielectric permittivity decreases at all temperatures.
The decrease is gradual at lower frequencies and more signifi-
cant at higher frequencies. The dielectric constant of the unvul-
canized NR is reported to be in the range 2.6 to 3.04 [47]. A
dielectric constant of 2.3 is obtained at 0.1 MHz in the present
study.
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Fig. 5. Variation of dielectric permittivity of NR gum vulcanizate with (a)
frequency (b) temperature

The dielectric behaviour of a polymeric material under
the influence of an external electric field depends on the polariza-
tion effect that occurs within the material. The total polarization
is the sum of the deformational polarization and orientational
polarization. At low applied frequencies, both factors contribute
to the total polarization. As the frequency increased, the orien-
tation polarization becomes out of phase with the applied field
i.e. the dipolar motion can no longer follow the rapid vibration
in the electric field. So, the dielectric permittivity of polymeric
materials decreases with increase in applied frequency. The
polarization and hence the dielectric permittivity must be
regarded as complex quantity:

e =¢-ig” (10)

The complex dielectric permittivity (¢°) is given by the
Debye equation as follows:
* € —€
e =e o= (1D
I+imt
where o is the angular frequency, €, is the static dielectric
permittivity and €. is the dielectric permittivity at infinite
frequency. The real and imaginary components € and €” are
given by [48-50]:

;o e, —¢€,

€ —SW+—1_'_(0W)2 (12)
»_ (g,—€.)OT

&= (13)

1+ (1)’

According to eqn. 12, the dielectric permittivity decreases
with increase in frequency and the decrease is more pron-
ounced at higher frequencies.

The temperature dependence of NR gum vulcanizates is
shown in Fig. 6. The dielectric permittivity is found to decrease
with increase in temperature at all frequencies. When the
temperature increases, due to thermal expansion of matter, the
ratio of the number of molecules to the effective length of the
dielectric diminishes and as a result, dielectric permittivity
decreases [36,51]. In other words, as the temperature increases,
the polymer density reduces which, in turn causes a decrease
in dielectric permittivity.
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Fig. 6. Variation of dielectric permittivity of NR gum vulcanizate with
temperature

Frequency dependence of the CPCs: The dielectric prop-
erties of NR/PANI (P series) and NR/PANI/PANI-N (F-series)
composites containing different loadings of PANI and PANI-N,
respectively, were studied at different temperatures in the frequ-
ency range 0.1-8 MHz. The effect of frequency on the dielectric
permittivity of NR composites NP,, NP; and the F-series
composite NF; at some selected temperatures is represented
in Fig. 7. This indicates that more and more PANI dipoles can
no longer keep up with the increasing frequency. This
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Fig. 7. Effect of frequency on the dielectric permittivity of CR/PANI composite (a) NP», (b) NP;, (c¢) NF;

behaviour is in accordance with Maxwell-Wagner interfacial
polarization. As the frequency of the applied field increases,
interfacial polarization decreases and hence dielectric
permittivity decreases. The absolute value of the dielectric
permittivity of the CPCs is found to be much greater than the
gum vulcanizate. Higher values are obtained for composites
with higher PANI loading. Dielectric constants as high as 47,
73 and 45 are obtained for NP,, NP; and NF; composites,
respectively at 0.1 MHz. Compared to most of the polymers
which have € values between 2 and 10 (¢’ = 10 for PVDF; ¢’
= 5.6 for PU) and many common ceramics such as SiO, (¢’ =
4.0) and SizN4 (¢” =7.0), the results obtained by NR based CPCs
are quite remarkable.

Temperature dependence of the CPCs: The effect of
temperature on the dielectric permittivity of the composites
NP,, NP; and NF; at some selected frequencies is presented in
Fig. 8. In all the three composites, the dielectric permittivity
is found to increase initially with temperature up to 353 K and
then decreases. This effect is more pronounced at lower frequ-
encies and nominal at higher frequencies.

The high dielectric permittivity at low frequencies found
at high temperatures may be explained by the presence of
permanent dipole moments indicating a small effective charge
separation. Such a small separation must be due to asymmetry
in the fields experienced by the presence of charged ions. In
most cases, the atoms or molecules in the samples cannot orient
themselves at low temperature region. When the temperature
rises, the orientation of these dipoles is facilitated and this
increases the dielectric polarization. At even high temperatures,

the chaotic thermal oscillations of molecules are intensified
and the degree of orderliness of their orientation is diminished
and thus the permittivity passes through a maximum value. In
present case, this maximum temperature is 353 K. At very
high temperatures, the dielectric permittivity decreases. This is
due to the thermal expansion of the matrix as discussed earlier.
At high frequencies, the temperature has little effect on diele-
ctric permittivity [36,51].

Loading dependence of the CPCs: Variation of dielectric
permittivity with PANI loading of P-series CPCs and PANI-N
loading of F-series CPCs at 303 K are shown in Fig. 9. It is
found to increase with increase in PANI and PANI-N content
at all frequencies. The increase is more pronounced at lower
frequencies. At 0.1 MHz, a maximum value of 73 is obtained
at 140 phr PANI loading (CPC NP5) and a value of 45 at 120 phr
PANI-N loading (CPC NF3). Thus, it is clear that the dielectric
properties of the NR matrix get modified by addition of PANI
and PANI-N and the required dielectric constant can be achieved
by varying their concentration.

Tailoring of dielectric permittivity of the CPCs: Efforts
were made to correlate the dielectric constant of the composite
samples with those of pristine PANI and gum NR. Several mix-
ture equations exist, which can be employed to predetermine
the dielectric permittivity of the composites correctly [52]. For
this, the dielectric has to be considered as a mixture of several
components. The observed permittivity of the CPCs can be
predicted in terms of the permittivity of the host matrix and
that of the conducting polymer by using well-known empirical
equations with certain modifications. Among the different
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mixture equations, the simplest one is the Lichtenecker equation
[36,53-55], which can be represented as:

loge,, =(1-V,)loge  +V,loge, (14)

where €. is the dielectric permittivity of the composite, V¢is
the volume fraction of the filler, €, and & are the dielectric
permittivity of the matrix and the filler respectively. The best-
known formula for €. for a binary mixture is associated with
Maxwell and Wagner. Maxwell developed the idea of effective
conductivity of a binary system consisting of spheres of a
particular conductivity distributed uniformly in a continuum
of different conductivity. Wagner adopted Maxwell’s expre-
ssion to the dielectric case and the equation is as follows [56]:

eff

1-2v, En &)
(2e,, +¢,)
eeff = 8m (15)
14V, En =)
2e  +¢g,
Another mixture equation of the form [57]:
€ 8maf 6
= — 1
‘ €.Y, H&Y, (16)

is also found to be useful in predicting the loading dependence
of dielectric permittivity of the CPCs. Here, y, and y, represent
the weight fractions of the matrix and the filler, respectively.
For CPCs, the eqns. 14-16 did not fit well with the experimental
data. Deviations may have occurred due to the formation of
agglomerates of PANI particles in the matrix. Hence modified
versions of the equations were derived assuming that spherical
shaped conducting particles are well distributed in the non-
conducting medium. These modified equations are employed
to fit the experimental data. For convenience, the logarithmic
values were calculated and plotted. The modified form of eqn.
14 used to calculate the dielectric permittivity of the CPCs is:

loge,, =(1—-W;)(loge )* +Wf(10g$f)k (14a)

eff

Eqns. 15 and 16 were also modified with an exponential
factor as:

loge, =loge

15
1+ W, (&, —¢€) (15a)
2e  +¢g;
€ €
loge,, =log—=—+logk (162)

€.Y, T&Y,

W; is the weight fraction of the filler. Using eqns. 14a, 15a
and 16a, log €. was calculated and plotted against log f.

Fig. 10 shows the plots along with the plots of the experi-
mentally observed values. It is clear that the estimated permit-
tivity differs from the measured one at lower frequencies as
the loading increases. For NR composites, the values of k in
eqns. 14a, 15a and 16a are respectively between 0.6 and 1.3,
0.38 and 0.73 and 0.2 and 0.7. The values for CR composites
range from 0.23 to 0.88. The difference in filler distribution
and filler matrix interactions may account for the marginal
variation of the empirical constant and the departure from the
observed value at larger loadings.

AC conductivity: Given the vast range of electrical condu-
ctivity that dielectric materials exhibit, there are numerous
mechanisms of carrier transport that can be used to explain
the conductivity over the entire range. Various mechanisms
have been put forth, each reflecting a different regime’s evolu-
tion of the underlying electrical structure. The DC conductivity
value at ambient temperature is insufficient to distinguish
between these several models. The different conduction mech-
anisms can be distinguished by measurements of the frequency
and temperature dependence of the AC conductivity (AC). Eqn. 4
was used to calculate the samples’ AC conductivity values from
the dielectric data.

The current has two components, the in-phase component
I cos @ and the out-of-phase component I sin @ and may be
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Fig. 10. log €’ vs. log f at 303 K for the observed and calculated permittivity of NP;, NP, and NP;

calculated using Ohm’s equation for a sample with thickness
h and cross-sectional area A. The formulas by c’c = (h/A)
I cos ®@ and oxc = (h/A) I sin @ are used to calculate the real
and imaginary AC electrical conductivities, respectively. The
two terms that make up the real part of AC conductivity are as
follows:

o, =0,(T)+0,(w) (17)
E
T)= -—
c,(T) Goexp( ij (18)
c,(w)=Bn" (19)

The first term, ¢,(T) is related to drift electric charge
carriers. It is frequency independent and temperature depen-
dent and is really the DC electrical conductivity. The second
term; G,(), is related to the dielectric relaxation caused by
bound charge carriers. k is the Boltzmann’s constant and E is
the activation energy in eV. G,, B and n are constants, where n
is temperature dependent and  is the angular frequency of
the applied field [46].

Frequency dependence of pristine PANI: Fig. 11 shows
the variation in AC conductivity of pure PANI with frequency
at various temperatures. It initially exhibits a nominal increase
up to 2 MHz before decreasing at higher frequencies. The hetero-
geneous model or the Maxwell-Wagner two layers can be used
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X
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<

©
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Fig. 11. Variation of AC conductivity of PANI with frequency

to explain this. The heterogeneities of the material as described
by the Maxwell-Wagner model consist of two layered capa-
citors i.e. well conducting grains separated by layers of lower
conductivity. While the high frequency AC conductivity is a
result of the conductive grains, the low-frequency AC conduc-
tivity is connected to the resistive grain borders. Electrical
conductivity in conducting polymers is due to the hopping of
charge carriers. The hopping of the charge carriers likewise
increases as the frequency of the applied field does, enhancing
conductivity. Eqns. 4 and 18 also explain how Gac rises as
frequency rises. At high frequencies, greater than 2 MHz, AC
conductivity decreases with increase in frequency as the hopping
of charge carriers lags behind the applied frequency.

The variation of the exponent ‘n’ with temperature gives
information on the specific mechanism involved in the condu-
ction process. This behaviour has been ascribed to the inhomo-
geneity within the solid caused by the absence of long range
crystalline order [58]. Fig. 12 presents a plot of log Gac against
log f from 2 MHz to 8 MHz at various temperatures. On the
basis of eqn. 19, which states that 6(®) = B®", where n is an
index less than or equal to unity, it is possible to comprehend
the kind of conduction/relaxation process that predominates
in amorphous materials. The relationship between the exponent
‘n’ and temperature reveals the precise mechanism that is enga-
ged in the conduction process. This behaviour has been ascribed

024 —0— 303K
—e— 313K
0.4+ —A&— 333K
v 353K

0.6 -

XXXXXXX SS7SK
£ —%— 393K
& -0.84 [ Z YT TTY g,

2 £99982000000000 )
o -1.0-
Re)

-1.24 %%k % ok

1.4

-1.6-

T X T T " T X T L4 T ¥ T N
62 63 64 65 66 67 68 69 7.0
log f (f in Hz)

Fig. 12. log AC conductivity vs. log frequency of pristine PANI
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to the inhomogeneity within the solid caused by the absence
of long range crystalline order [54].

Carrier transport via hopping can be identified with this
type of dielectric response. Jonscher [59] proposed that such
adependence on frequency and temperature represents a univ-
ersal law, applicable to a very wide range of materials irrespec-
tive of their chemical and physical structure and the type of
dominant charge carriers. The value of n obtained from the
plots lies between -0.36 and -0.46 (Table-2). This value is in
accordance with the theory of hopping conduction in amorph-
ous materials. The observed frequency dependence suggests
that the mechanism responsible for AC conduction in pristine
PANI is hopping [60].

TABLE-2
n VALUES OF PRISTINE POLYANILINE
Temp. (K) n values Temp. (K) n values
300 -0.40 353 -0.43
313 -0.36 373 -0.44
333 -0.46 393 -0.38

Temperature dependence of pristine PANI: Fig. 13 shows
how temperature affects the AC electrical conductivity of pure
PANI. The conductivity rises with rising temperature, reaches
a maximum and then falls. The rise in the drift mobility of
thermally activated electrons, which raises the hopping condu-
ction, can be correlated with the increase in conductivity with
temperature [61]. Mott’s variable range hopping mechanism

log G, (S/m)

-0.54
0.6
.07 -
-0.8 4
0.9
1.1
1.2
1.3
1.4+
1.5
1.6
1.7 4

-1.8

¥ 0 01MHz @ 1MHz & 2MHz

¥ 3MHz- O 4MHz 4 5MHz
—D>— 6 MHz—¥— 7 MHz —%+— 8 MHz

25 26 27 28

Ty ok vl T
29 30 31 32 33
1000/T (K™)

3.4

04 t—o—4—o
(@)
-104
£ 201 LY
o)
P
< 801 —=—303K
s —e— 313K 3
o -40 —xr— 333 K
—w— 353K
—&4— 373K
504 —w—393K
'60 Ll hd L} hd L hd Ll - Ll
5.0 55 6.0 6.5 7.0
log f (f in Hz)

o (x10° S/m

log f (f in Hz)
Fig. 14. Effect of frequency on the AC conductivity of (a) NR gum vulcanizate, (b) NP,, (c) NPs, (d) NF;

Fig. 13. log AC conductivity as a function of 1000/T for pristine PANI

(VRH) has been applied with varying degree of success to
conducting organic systems [62-64].

The use of Mott’s VRH model in polyaniline film has been
demonstrated by Reghu et al. [65]. A conduction mechanism
based on electron tunnelling between conducting grains embe-
dded in an insulating matrix has also been used to explain the
thermal variation in conductivity with time and temperature in
PANI [66-68]. The thermal degradation was attributed to a decrease
of the grain size with a simultaneous broadening of the barriers.
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Frequency dependence of NR based CPCs: Fig. 14
presents the effect of frequency on the AC conductivity of gum
NR, P-series and F-series composites in the temperature range
303-393 K. Most of the polymeric materials are insulators and
practically no conductivity is observed in unvulcanized elast-
omers.

At various temperatures, the CPCs with various PANI and
PANI-N loadings exhibit comparable frequency dependency.
As PANI and PANI-N are incorporated, the AC conductivity
rises with frequency and then falls after reaching a maximum
at higher frequencies. The rise in hopping conduction is what
causes the conductivity of AC to increase with frequency. With
increase in PANI loading, the AC conductivity shows an increase.

Effect of temperature of NR based CPCs: The effect of
temperature on AC conductivity of the CPCs is plotted and
presented in Fig. 15. Up to 353 K, the AC conductivity rises
with temperature and then decreases. Although at very high
temperatures the higher segmental mobility of the polymer
may insulate the PANI particles and lower the conductivity,
the initial rise in conductivity is attributable to the increase in
hopping conduction.

Loading dependence of natural rubber based CPCs:
Fig. 16 illustrates the impact of PANI and PANI-N loading on
the AC conductivity of CPCs at 303 K at various frequencies.
It rises as PANI and PANI-N loadings rise, as expected. The

highest conductivity is noted for CPC with 140 phr PANI
loading (NPs) (2.13 10~ S/m at 5 MHz). The conductivity of
the 120 phr PANI-N-loaded composite (NFs) is remarkably
similar (1.68 10~ S/m) to that of the NP; composite.

Conclusion

The dielectric properties of polyaniline (PANI) and the
conductive polymer composites (CPCs) were measured in the
frequency range 0.1 to 8 MHz and in the temperature range
303 to 393 K. PANI exhibits interfacial polarization at low frequ-
encies, as shown by the fact that the dielectric permittivity of
pure PANI falls as frequency rises. PANI exhibits a permittivity
of 76 at 303 K at 0.1 MHz and reaches a maximum of 712 at
393 K. The loss factor of pure PANI drops linearly with frequ-
ency at low frequencies and temperatures, indicating that DC
conductivity mechanism is more important than interfacial
polarization at these frequencies and temperatures. Due to a
reduction in interfacial polarization, the dielectric permittivity
drops of CPCs with frequency and rises with PANI and PANI-N
loading. It rises with rising temperature, reaches a maximum
and then falls. A 150 phr PANI-loaded NR CPC exhibits a
dielectric permittivity of up to 177 at 303 K and 0.1 MHz. The
dielectric dispersion could be fitted well with the well-known
empirical equations. One of these equations can be used to deter-
mine the effective permittivity of the prepared CPCs. The
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primary cause of the conductivity in CPCs is charge carrier
hopping. AC conductivity increases with increase in frequency
and temperature and drops after reaching a maximum for the
CPCs due to an increase in hopping conduction. A maximum
conductivity of 2.13 x 10~ S/m at 5 MHz is observed for the
CPCs at 140 phr PANI loading. The 120 phr PANI-N-loaded
CPC gives conductivity (1.68 x 10~ S/m) very close to the
140 phr PANI-loaded CPC at the same frequency. Thus, the
dielectric properties of the rubber matrix can be modified by
appropriate loadings of PANI and PANI-N according to the
intended operating temperature and frequency.
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