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ABSTRACT

This work focused on the effect of copper alumina (Cu—Al,O3) nanoparticles in
poly(pyrrole-co-indole) (PPy-co-PIN) on optical properties, thermal stability,
alternating current (AC) conductivity, direct current (DC) conductivity and
dielectric properties at different temperatures. Consistent distribution of Cu-
Al,O3 nanoparticles within the copolymer was observed from field-emission
scanning electron microscopy. The single absorption seen (range 270 nm) in the
UV spectra was due to n-n" transitions in the copolymeric materials. The min-
imum optical bandgap energy was observed for 5 wt% nanocomposite. From
thermogravimetric analysis graph, maximum thermal resistance was observed
for 7 wt% nanocomposite. The AC conductivity and dielectric parameters were
dependent on both temperature and nanofillers loading and the maximum
properties were found for 5 wt% nanocomposite. The AC conductivity and
dielectric constant of 5 wt% nanocomposites were increased by 4.5 and 3 times,
respectively, in comparison to (PPy-co-PIN). The decrease in activation energy
with an increase in the content of Cu-Al,O; nanofillers and inverse dependence
of Nyquist plot with temperature suggested semiconducting nature. The DC
conductivity of copolymer was enhanced with encapsulation of Cu-AlO; -
nanoparticles and the change in conductivity was correlated with Scarisbrick,
Bueche and McCullough models. The McCullough model was in compromise
with experimental conductivity values as it considers interfacial interactions.
The match in theoretical and experimental conductivity values was advocating
the presence of an efficient conductive pathway. The excellent properties of
(PPy-co-PIN)/Cu-AlL,O3 nanocomposites can be exploited in concocting opto-
electronic devices.
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1 Introduction

In the last few decades, the evolution observed in
electronic devices is incredible. For instance, almost
all new-generation devices work with wireless tech-
nology. The new and advanced technologies lead to
miniaturization and also impart multi-functionality
to electronic devices. However, in most cases, elec-
tronic devices experience a lower battery llifetime,
thus reducing their working time. The aforemen-
tioned crisis can be curbed by the development of
materials with excellent charge storage. Conducting
polymers are gaining attention as charge storage
devices due to their excellent dielectric properties,
low cost of fabrication and high flexibility [1-4]. The
conjugated double bonds within the conducting
polymers can be comfortably polarized and hence
exhibit high dielectric constant values. In addition to
this, conducting polymers can also be used in
developing devices for energy harvesting, EMI
shields, gas sensing, artificial muscles and biosensing
[5-8].

The frequently investigated conducting polymers
are polypyrrole (PPy), polyaniline (PANI), polyin-
dole (PIN), polythiophene (PTH) [9-12]. In the class
of conducting polymers, PPy is remarkable due to the
propitious polymerization of monomer, exclusive
electronic properties as well as, redox characteristics
and excellent environmental stability [13]. However,
concocting devices from polypyrrole is a tedious task
due to its limited solubility, durability and fusibility.
The excellent properties of individual homopolymers
are reinforced by copolymerizing pyrrole with the
appropriate monomer or other conducting polymer
[14]. Gherras et al. developed poly(pyrrole-co-2-
nitrocinnamaldehyde) nanocomposites for solar cell
applications [15]. Poly(biphenyl-co-pyrrole) synthe-
sized by Simitzis et al. showed excellent thermal
properties compared to corresponding homopoly-
mers [16]. Wang et al. developed phytic acid-doped
poly(aniline-co-pyrrole) for use as a supercapacitor
electrode [17].

Indole is an interesting monomer to copolymerize
with pyrrole since it has benzo condensed pyrrole in
its structure. The copolymer developed by Koleli
et al. using indole and pyrrole is shown to have
excellent electrochemical properties and be suit-
able for a wide variety of applications [18]. In a
related study, Dhanlakshmi and Saraswathi used
electrochemical polymerization to make a variety of
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poly(pyrrole-co-indole) copolymers with improved
electroactivity [19]. Poly(pyrrole-co-indole) doped
with carboxylated CNT was developed by Lakour;j
et al. to have anticorrosion, antimicrobial, and
antioxidation properties [20].

Presently, the scientific community is interested in
modulating the electrical, optical and thermal prop-
erties of conducting polymers by integrating them
with metal oxide nanoparticles [21-23]. The metal
oxide has already proved to have exceptional prop-
erties and could be used for diverse applications
[24, 25]. Metal oxide nanocomposites are used for a
bunch of things, including as photocatalysis, sensors,
and corrosion prevention. Conducting copolymers
that have been reinforced with metal oxide nano-
fillers have excellent material properties. Gheymasi
et al. developed nanocomposites based on poly(ani-
line-co-pyrrole) and ZnO nanoparticles with good
non-linear optical properties [26]. Golsekhan et al.
[27] report the existence of epoxy/(polyaniline-co-
pyrrole)/ZnO nanocomposite coatings with excellent
anti-corrosion properties.

Alumina nanoparticles are attractive among other
metal oxide nanocomposites because of their
mechanical and thermal properties [25]. The electrical
properties of alumina nanoparticles have been
reported to be enhanced by dispersion strengthening
using copper ions [28]. In our previous work, an
enhancement in the material properties of PIN has
been observed with the reinforcement of Cu-Al,O3
nanofillers [29]. Thus, the hybrid composite made by
the incorporation of Cu-AlLOj; nanofillers in the
interstices of PPy-co-PIN could exhibit unique
physicochemical traits remarkably different from the
properties of polymer and nanofillers.

Conducting polymer nanocomposites are widely
synthesized in a large scale by in situ chemical oxi-
dation polymerization [30]. In comparison with
electro-polymerization and ball milling techniques,
the in-situ technique does not require any intricate
experimental setup. Compared to the solution cast-
ing method, the in-situ technique is an environmen-
tally benign and harmless method and can be carried
out using green solvents. The homogenous adminis-
tration of nanofillers over conducting polymer net-
work via uncomplicated in-situ chemical oxidation
method has already been reported in previous stud-
ies [31].

The development of optoelectronic devices
requires the use of materials with good optical and
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dielectric properties. In this study, we therefore
synthesized novel (PPy-co-PIN)/Cu-Al,O3
nanocomposites and investigated their optical char-
acteristics, thermal stability, morphology, and tem-
perature-dependent  dielectric parameters. The
increase in DC conductivity of copolymer with the
addition of Cu-Al,O3 nanoparticles was also corre-
lated with different theoretical models based on
Scarisbrick, Bueche and McCullough in order to
study the mechanism of conduction in copolymer
hybrids.

2 Experimental details
and characterizations

2.1 Materials and methods

The indole, pyrrole, oxidant (FeCls), sodium dodecyl
sulphate (SDS), copper nitrate (Cu (NOs),), alu-
minium nitrate (Al (NOs)3), urea, HCl and methanol
required for the in-situ method were of analytical
grade from Merck India. The synthesis procedure
was carried out in double-distilled water.

2.2 Synthesis of Cu—-Al,O; nanopowder

The thermo-chemical mode was employed for the
synthesis of copper alumina nanoparticles [27]. The
aqueous solutions of urea, Cu (NOs), and Al (NOs)3
were mixed in 1:2:3 ratios. The aqueous solution was
kept at 100 °C till a hydrogel was obtained. The
hydrogel obtained was finally combusted in a muffle
furnace at 500 °C.

2.3 Synthesis of poly (pyrrole-co-indole)
copolymer

The pyrrole and indole were copolymerized via oxi-
dation using ferric chloride as an oxidant. In a three-
neck flask, 1.0 M FeCl; was made by dissolving in an
appropriate quantity of water. To the oxidant solu-
tion, the acidic aqueous solution containing an
equimolar (0.5 M) quantity of pyrrole and indole was
slowly added using a dropping funnel. The mixture
was constantly stirred and within a few minutes, the
colour of the solution was converted from red to dark
green. This colour change indicated the copolymer-
ization of pyrrole and indole. After consistent stirring
for 8 h, the copolymer obtained was washed with
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water and methanol to remove the left-over mono-
mers and oxidant. Finally, the copolymer was dried
in a vacuum oven at 60 °C for 24 h.

2.4 Synthesis of poly(pyrrole-co-indole)/
Cu-Al,0O3; nanocomposites

The (PPy-co-PIN)/Cu-Al,O; nanocomposites were
successfully synthesised by in-situ chemical oxida-
tion polymerization. Copper alumina nanoparticles
(3, 5 and 7 wt%) were mixed with SDS in distilled
water. The dispersed nano-solutions were added to
the pyrrole/indole (1:1 ratio) with constant stirring
and ultrasonicated for 30 min. The FeCl3 solution
(1 M) was then added dropwise to the homogeneous
solution of monomers and the copolymerization was
continued for a period of 8 h at room temperature.
Finally, the greenish-black precipitate formed was
filtered, washed and dried in a vacuum oven.

2.5 Instrumentation

The UV spectrum of (PPy-co-PIN)/ Cu-AlLO;
nanocomposites were recorded using a JASCO V-770
spectrophotometer. The FESEM images of (PPy-co-
PIN)/Cu-Al,O3; nanocomposite were obtained using
the Carl Zeiss VP-500 model. The thermal resistance
of the (PPy-co-PIN)/ Cu-Al,O; nanocomposites was
recorded in Hitachi STA7200 thermogravimetric
analyser and the sample was heated from 25 to 600 °C
at a heating rate of 10 °C/min. The AC electrical
properties, dielectric parameters and DC conductiv-
ity of samples (pelletized using a hydraulic press) at
various temperatures were measured in the range of
10% to 10° Hz using a Hioki 3570 Model.

3 Results and discussion

3.1 Field emission scanning electron
microscopy (FE-SEM)

FE-SEM images of PPy-co-PIN and (PPy-co-PIN)/Cu-
Al,O3 nanocomposites at 200 nm magnification are
given in Fig. 1. The SEM image of PPy-co-PIN exhi-
bits cragged morphology. Considerable change in the
morphology of PPy-co-PIN is observed with rein-
forcement of nanofillers. Cu-Al,O3; nanofillers in
polyindole with spherical shapes have previously
been described in our earlier study [29]. The spherical
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Fig. 1 FE-SEM images of a PPy-co-PIN, b 5 wt% and ¢ 7 wt% Cu—Al,0O5 at 200 nm magnification

morphology of nanocomposites arises from the
interaction of polar groups of copolymers with
nanomaterials. The composite with a 5 wt% sample
shows a better distribution of nanomaterial. The
uniform adhesion between the copolymer and
nanomaterial is the cause of this homogenous dis-
persion. Here, the nanoparticles in the composites are
found to be agglomerated at higher loading (7 wt%).
The short interparticle distance in higher loading
causes a diminishing interfacial interaction. SEM
images clearly demonstrate the successful formation
of (PPy-co-PIN)/ Cu-Al,O; nanocomposites.

3.2 UV-Visible spectroscopy

Figure 2 shows the electronic absorption spectra of
PPy-co-PIN and (PPy-co-PIN)/Cu-Al,O3; nanocom-
posites. For PPy-co-PIN, a single absorption at
275 nm is observed. This absorption band is the
resultant of m to m transitions existing in the
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Fig. 2 UV spectrum of PPy-co-PIN and its nanocomposites

copolymer. The presence of this band suggests the
existence of charge transfer through the conjugated
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structure comprising of indole and pyrrole monomer
units.

Comparing the UV spectrum of the (PPy-co-PIN)/
Cu-Al,O; nanocomposites and pure copolymer, the
former is found to have larger values for absorption
intensity. Further, a redshift in absorption maximum
is also observed. The altering of electronic structure
aided by robust interaction between nanofillers and
copolymer is the reason for the aforementioned
observations. The magnitude of the absorption max-
imum of (PPy-co-PIN)/Cu-Al,O; nanocomposites
follows the order 5 wt% > 3 wt% > 7 wt% loading.
The maximum absorption in 5 wt% composite arises
from the effective dissemination of Cu-Al,O5; nano-
filler. The decrease in absorption in 7 wt% can be
assigned to the aggregation of Cu—-Al,O3 nanofillers
in the nanocomposites.

Figure 3 shows the UV-Vis transmittance spec-
trum of PPy-co-PIN and Cu-Al,O; wrapped copoly-
mer nanocomposites. The entire sample exhibits
excellent transmittance in the region of visible light.
The predominant UV shielding capability of synthe-
sized samples is perceived from the fall in transmit-
tance in UV wavelength region [32]. Moreover, the
UV screening capacity of (PPy-co-PIN)/Cu-AlLO;
nanocomposites is higher than that of pristine
copolymer. The UV light falling on the nanocom-
posites is well absorbed and scattered by the Cu-
Al,O5 nanofillers encapsulated within the copolymer.
Among the materials, 5 wt% nanocomposite shows
excellent UV shielding characteristics due to the
efficient distribution of metal oxide nanofillers. The
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3
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Fig. 3 UV transmittance spectrum of copolymer and copolymer/
Cu-Al,O3 nanocomposites
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lower UV resistance is observed for 7 wt%, aggre-
gation of Cu-Al,O; nanofillers within the polymer
matrix, which is the least effective in absorbing and
scattering UV radiations.

3.2.1 Optical bandgap energy

The awareness of optical bandgap energy is vital in
investigating the optoelectronic applications of
the materials. The filled valence band and vacant
conduction band in polymeric materials are sepa-
rated by a small distance and the minimum energy
essential for the electronic excitation from the former
to the latter is referred to as the optical bandgap. The
photoexcitation occurring in copolymers follows the
Tauc relation [33].

(ahv)"= B(hv — Eg), (1)

(o) in the above equation is related to an absorption
coefficient (o = absorbance/path length), B repre-
sents the probability transition constant, hv corre-
sponds to photon excitation energy, E, refers to
bandgap energy and the value of n governs the nat-
ure of transition (n =2 for direct transitions and
n = 2 for indirect transitions). The Tauc plots of both
direct and indirect transitions of the copolymer and
its nanocomposites are presented in Fig. 4. As the
content of Cu-ALO; increases in the copolymer,
bandgap energies decrease due to the Lewis acid
nature of Cu-Al,O; that can accept an electron from
heteroatoms in the copolymeric system. The lowest
bandgap energy for 5 wt% nanocomposite can be
attributed to the charge transfer facilitated by the
constant distribution of Cu-AlL,Os nanofillers. The
increased bandgap of the 7 wt% sample indicates the
development of some structural irregularities within
the system.

3.3 Thermogravimetric analysis (TGA)

The TGA graph of PPy-co-PIN with different contents
of Cu—-ALO; is given in Fig. 5. The nature of the TGA
profile of pristine PPy-co-PIN reveals a two-step
degradation. The first degradation observed between
room temperature and 97 °C corresponds to the
eviction of water molecules enmeshed within the
copolymer nanocomposites and also to the dislodg-
ing of dopant ions and unreacted monomers from the
material. The second stage of weight loss from 207 to
471 °C arises from the degradation of the copolymer
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Fig. 5 TGA of PPy-co-PIN
nanocomposites

and (PPy-co-PIN)/Cu-Al,O3

matrix. In comparison with our earlier studies, the
copolymer has better thermal stability than poly-
pyrrole (169 °C) [34]. The improved thermal stability
of copolymer suggests a higher degree of crosslink-
ing between homopolymers [35].

The copolymer decomposition in 5 and 7 wt%
nanocomposites start at 223 and 235 °C, respectively,
suggesting the strong dependence of thermal stability
on the reinforced Cu-Al,O; nanoparticles. These
results point towards the growth of a copolymeric
phase within the Cu-Al,O; nanofillers (confirmed by
FE-SEM results) and the barrier effect of metal oxide
nanofillers. The barrier effect and interfacial interac-
tion hinder both segmental motion and chain transfer
reactions of the copolymer [36]. Similarly, carbona-
ceous contents at 600 °C existing in PPy-co-PIN is
found to be 55.5%, increased to 59.6% in 3 wt%
loading and 63.7% in 7 wt% loading nanocomposites.

The higher carbonaceous contents suggest the excel-
lent flame resistance of (PPy-co-PIN)/Cu-AlO;
nanocomposites.

3.4 Dielectric constant

Analysis of the dielectric constant of PPy-co-PIN and
(PPy-co-PIN)/Cu-Al,O3 nanocomposites with fre-
quency at various temperatures (Fig. 6) gives us an
idea about their capacitive and conductive identity.
The capacitive identity of the copolymer gives an
idea about amount of electrical charge that can be
stored within the material. The conductive identity
denotes charge transfer occurring within the material.
When exposed to an alternating electric field, the
dielectric constant varies with frequency. The inverse
relation of the dielectric constant with frequency is
the result of various polarization processes occurring
in the material [37]. The maximum values of dielec-
tric constant at lower frequencies can be ascribed to
dipolar polarization. The lining up of perpetual
dipoles in the copolymeric system at lower frequen-
cies leads to dipolar polarization. While the lining up
of permanent dipoles with the field is tedious at
higher frequencies. This is due to the rapid fluctua-
tion of the alternating field. Thus, the dipolar vibra-
tions lag behind the applied electric field, resulting in
minimum polarization and dielectric constant values.
This enhancement in dielectric constant can be
attributed to the significant segmental motion of
dipoles within the copolymeric system at high tem-
peratures [38]. The absorbed thermal energy in the
polymeric material reduces the energy barrier for the
reconstitution of dipoles [39].
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Fig. 6 Dielectric constant of copolymer and its nanocomposites at different temperatures

The magnitude of dielectric constant is intensified
with the increase in the content of Cu-Al,Os. For
instance, the magnitude of dielectric constant of (PPy-
co-PIN)/5 wt% Cu-Al,O; nanocomposite at room
temperature (¢ = 20,417) is 3 times higher than bare
copolymer (¢' = 6422) and 1.8 times intensified when
compared with 3 wt% nanocomposite (¢ = 11,169).
This points out that the incorporation of Cu-Al,O3
nanofillers enhances the interfacial polarization
within the material and generates a conductive net-
work within the organic-inorganic hybrid [40].
However, the dielectric constant value of 7 wt%
nanocomposites is lower than that of 5 wt%
nanocomposite. The better morphology of (PPy-co-
PIN)/5 wt% Cu-Al,O; nanocomposite allows the
swift oscillation of dipoles thus resulting in maxi-
mum dielectric constant values. The aggregation of
Cu-AL,O; nanofillers in (PPy-co-PIN)/7 wt% Cu-
Al,O5; nanocomposite restricts the segmental mobility
of dipoles, hence experiencing lower dielectric con-
stant values. The higher dielectric constant of
copolymer nanocomposites can be utilized in
designing various semiconductor devices [39]. (PPy-
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co-PIN)/Cu-Al,O; nanocomposites have a higher
dielectric constant than the nanocomposites com-
prised of a poly(pyrrole-co-aniline) matrix and ZnO
nanoparticles [41].

3.5 Dielectric loss

The variation of dielectric loss with frequency (Fig. 7)
gives us an insight into energy disintegration occur-
ring in the PPy-co-PIN and their nanocomposites
with Cu-AL,O; in an applied electric field. The
maximum value of dielectric loss is observed at
100 Hz for entire samples. The maximum energy
dispersion indicates the existence of insulating grain
boundaries. Thus, extra energy is necessary for the
hopping of charges. The energy dissipation is
reduced by boosting the frequency values. Once it
reaches a certain frequency, the energy dissipation
becomes frequency independent due to the weak
polarization of the system. The dielectric property
increases with temperature due to enhanced charge
carrier movements. The higher value of the dielectric
loss at 100 Hz and 90 °C can be attributed to the
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Fig. 7 Dielectric loss of copolymer and its nanocomposites at different temperatures

aggregation of charges at grain partitions. Further, it
is observed that the ¢” values at lower frequencies are
intensified with an increase in filler content. The
reinforcement of nanofillers enhances the movement
of dipoles, which contributes to energy dissipation.
The maximum value for dielectric loss at 100 Hz is
observed for 5 wt% loading. The efficient dispersion
of nanofillers in this loading maximizes the mobility
of bound charges. The clustering of Cu-Al,O3 nano-
fillers at 7 wt% restricts the dipolar motion and thus
experiences minimum energy dissipation.

3.6 Alternating current (AC) conductivity

The variation of AC conductivity (c,.) of PPy-co-PIN
and its nanocomposites at different temperatures is
illustrated in Fig. 8. The graph suggests that the AC
conductivity of all samples is proportional to the
applied frequency. This dependency points towards
the highly compactable copolymer network formed
between indole and pyrrole monomers. The AC
conductance arises from the motion of charges in the
disordered copolymeric system when exposed to an
electric field [42]. The high temperatures enable

unbounding of charge carriers that could easily tun-
nel through the frequency barricade, hence enhanc-
ing the conductivity [43]. The AC conductivity values
of PPy-co-PIN are enhanced with the addition of Cu-
Al,O5 nanofillers. The variation of AC conductivity
with the content of Cu—-Al,O3 nanofillers at 100 Hz
and different temperatures is given in Fig. 9. The
interfacial interaction between Cu-Al,O3 nanofiller
and the copolymer reduces the inter-chain distance
and creates new electrical states, thereby creating a
new conduction path [44].

The maximum AC conductivity for (PPy-co-PIN)/
5wt% Cu—Al,O3; nanofillers arises from the efficient
distribution of nanofillers. The efficient distribution
of nanofillers aids the formation of interconnected
conductive networks of Cu-Al,O3 nanofillers within
the pristine PPy-co-PIN. The decrease in AC con-
ductivity in (PPy-co-PIN)/7wt% Cu-AlL,O3
nanocomposites can be attributed to the depletion of
the localized sites due to aggregation of Cu-Al,O3
nanofillers. The higher AC conductivity value of the 5
wt% nanocomposite suggests that the material is
appropriate for use in the semiconductor industry.
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Al,O5 nanofillers at 100 Hz
3.6.1 Activation energy

The temperature dependency of AC conductivity can
be mathematically represented as

—E,
Oac = 00 EXP (ﬁ) (2)

@ Springer

here in this relation E,, K, T and o refer to the acti-
vation energy, Boltzmann constant, absolute tem-
perature and pre-exponential factor, respectively. The
Gac Vs 1000/T plot is shown in Fig. 10. It gives us the
activation energy of samples. The values of the acti-
vation energy of all samples are provided in Table 1.
In the nanocomposites, a conductive network pro-
motes large-scale hopping of charge carriers, even-
tually reducing the activation energy.

3.7 Electric modulus and Nyquist plot

The electric modulus of a material can be explained
as the multiplicative inverse of the dielectric constant.
The real part of the electric modulus gives us insights
into charge storage while the imaginary part is
associated with energy loss. The plot of M’ vs fre-
quency of entire samples at different temperatures is
shown in Fig. 11. The trivial values of M’ and fre-
quency independence of all samples in the initial
frequency ranges indicate the conduction arising
from the movement of loosely bound charges.
Moreover, this observation also cancels out the
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Fig. 10 The log 0, Vs 1000/T plot of PPy-co-PIN and its nanocomposites

Table 1 Variation of E, with
content of Cu—Al,O3

Copolymer/loading of Cu—Al,O5 (%)

Activation energy (eV) at 1 MHz

nanofiller at 1 MHz

N D WO

1.97
1.53
1.14
1.43

possibility of electrode polarization. The larger value
of M’ is observed at higher frequencies, which can be
attributed to conduction arising from the tentative
oscillation of charge carriers associated with rapidly
switching of polarity at high frequencies and a min-
imum reinstating force that initiates the movement of
ions [45].

The plot of M” Vs log F illustrated in Fig. 12 shows
almost identical behavior to M' Vs log frequency plot.
The frequency independence at lower frequencies
manifests the effortless hopping of charge carriers.
While at higher frequencies, only bound charges are
dominant and those can only move in immediate
vicinities. The absence of dips at higher frequencies
implies a brief relaxation time. Moreover, with an
increase in temperature M” values of all samples are

shifted to higher frequencies. This inference indicates
the tunneling of charge carriers at high temperatures
[46].

It is evident that the magnitude of M’ and M” of
PPy-co-PIN is decreased with the reinforcement of
Cu-AlO; nanofillers. This suggests the presence of
short-range motions of charge carriers originated
during composite formation. The minimum values of
M’ and M”" are observed for (PPy-co-PIN)/5 wt%
nanocomposite, suggesting an efficient interfacial
interaction. The excellent interfacial interaction gen-
erates an alley for efficient hopping of charges. The
interaction diminishes with further loading of nano-
filler as explained in SEM results, thus observing an
increase in value of M’ and M” for higher loading (7
wt%) when compared with 5 wt% nanocomposite.
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Fig. 11 M’ Vs log frequency of PPy-co-PIN and its nanocomposites

Figure 13 indicates the Nyquist plot (M' Vs M") of
PPy-co-PIN and (PPy-co-PIN)/Cu-ALO; 5 wt%
nanocomposites at different temperatures. The single
arc centering at the origin in the Nyquist plot mani-
fests a single relaxation process occurring in the
material [47]. This relaxation process corresponds to
the bulk resistance of the copolymer. The arc diam-
eter of the (PPy-co-PIN)/Cu-Al,O3; 5 wt% nanocom-
posite is less when compared with that of the pristine
copolymer. The reduction of arc diameter manifests
increments in conductivity. Similarly, a reduction in
arc width is observed when the temperature is
increased. The inverse relationship existing between
resistance and temperature indicates the semicon-
ducting nature of the materials. The Nyquist plot
validates the results obtained from other dielectric
studies performed.

3.8 Direct current (DC) conductivity

The DC conductivity of (PPy-co-PIN)/Cu-Al,O3
nanocomposites at different compositions is shown in
Fig. 14. The (PPy-co-PIN)/Cu-Al,O3; nanocomposites
showed an enhanced conductivity than PPy-co-PIN.

@ Springer

This enhancement arises from the long-range order of
copolymeric fragments imparted by Cu-ALO; as
well as the robust alliance that originating between
interfaces. A significant change in DC conductivity is
observed in varying the composition of nanofillers. A
notable enhancement in conductivity is observed in
increasing the composition of Cu-Al,O; nanoparti-
cles. While only a little enhancement is observed on
increasing the composition of Cu-Al,O; nanofillers
beyond 5 wt%. This points to the better association
between the organic and inorganic phases in the 5
wt% composite.

3.9 Scarisbrick model

The theoretical Scarisbrick model evaluates the con-
tribution of inter-particle contact in generating con-
ductive networks within the hybrid copolymer
nanocomposites [48]. According to this model, the
conductivity of conducting copolymer nanocompos-
ites can be represented as follows:

‘;—: = 2y [exp (‘P%)} , (3)
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where ., of ¥ and C are the conductivity of the
composite, conductivity of nanofillers, volume frac-
tion of nanofillers in the hybrid and the geometrical
factor, respectively. The values of the geometrical

4 i/{

Log o, (S cm'l)

-5

— T T T T T T T T T
-1 0 1 2 3 4 5 6 7 8

Content of Cu-Al O, nanofiller (wt.%)

Fig. 14 Variation of DC conductivity of copolymer with Cu—
Al,O5 loading

factor (C?) range between 1 and 3 x 10°. The com-
parison of conductivity obtained from Scarisbrick
model and experimental conductivity is presented in
Fig. 15. The theoretically obtained conductivity is
higher in magnitude than the experimentally
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Fig. 15 Comparison of experimental conductivity with Scaris-
brick theoretical model

obtained conductivity. This huge variation in con-
ductivity calculated from Scarisbrick model can be
attributed to the disregarded contribution of the
copolymer matrix towards conductivity. Moreover, it
is tedious to measure the actual values of geometrical
factors (C?) and which also contributes to the afore-
mentioned variations.

3.9.1 Bueche model

The Bueche model suggested an equation to calculate
the conductivity of a heterogeneous hybrid system
made by reinforcing conducting nanofillers within
the copolymer backbone [49]. The Bueche equation
can be represented as

o. = of¥r + O'p(l — "Pf), (4)

where g, g, represent the conductivity parts (con-
ductivity of filler and conductivity of copolymer
respectively). The ¥ in the Bueche equation corre-
sponds to volume fraction. Thus, Bueche model
considers the contribution of both filler particles and
copolymer toward conductivity.

According to this model, the accumulation of
nanofillers in the system and interfacial interaction
generate a conductive path within the copolymeric
abutment. The plot given in Fig. 16 represents the
plot that compares the experimentally measured
conductivity and theoretical conductivity values
(Bueche model) of the copolymer. The plot suggests
that the conductivity values at lower content of Cu-
Al,O3 nanofillers formulated from Bueche model is
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Fig. 16 Comparison of experimental conductivity with Bueche
theoretical model

far distinct from those measured experimentally. The
failure of Bueche model in (PPy-co-PIN)/Cu-Al,O3
nanocomposite system suggests the variable con-
ductivity of copolymer and nanofillers.

3.9.2 McCullough model

The conductivity model suggested by McCullough is
helpful in determining the DC conductivity of
copolymer nanocomposites. This model accounts for
the DC conductivity emanating from the transport
behaviour in inorganic/copolymer hybrid nanocom-
posites [50]. The transport properties of material are a
function of the amount of filler content and the con-
ductive network formed between the interfaces. The
conductivity of copolymer nanocomposites using this
model can be expressed as

A,y (af — ap)Z]

. =0,V Wi —
7 pFp t Or T Vf0f+VpGp

(5)

o, 0p, Vg, Wp and A in this equation pertain to the
conductivity of filler, conductivity of copolymer, the
volume fraction of nanofillers, the volume fraction of
the copolymer and structural factor respectively. The
values of structural factors vary between 0 and 1.
Using the following equations, the V¢ and V,, values
can be determined.

Vi= (1 — /L)“Pf + ‘“Pp}v, (6)
V, = (1— A)¥, + Pr. (7)
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Theoretical DC conductivity is measured by the
aforementioned equation using 4 =0, 0.5, 0.9 and 1.
Both the theoretical and experimental conductivity
values are compared in Fig. 17. It is obvious that
theoretical conductivity corresponding to 4 =1 has
similar nature and values with the experimentally
obtained electrical conductivity. The identical theo-
retical and experimental values of conductivity sug-
gest the excellent transport behaviour resulting from
the generation of an efficient conductive pathway.

4 Conclusions

We have developed copper alumina nanoparticles
embedded poly(pyrrole-co-indole) with high dielec-
tric constant, dielectric loss, conductivity, impedance,
optical property and thermal stability using varying
weight percentages of (3, 5, 7 wt%) Cu-AlLO; dis-
persed in (PPy-co-PIN). The FESEM image of 5 wt%
nanocomposite confirmed the uniform dispersion of
Cu-Al,O; nanofillers in the copolymer. The UV
absorption studies show large absorption maximum
and minimum bandgap energy for (PPy-co-PIN)/5
wt% Cu-Al,O; nanocomposite suggesting better
interfacial interaction with the copolymer. The UV
transmittance spectrum of copolymer nanocompos-
ites indicated their UV screening nature. The
nanoparticles in the copolymer inhibit thermal
degradation and the thermal stability increases with
the loading of Cu—-Al,Os. The higher thermal stability
of copolymer nanocomposites was due to the barrier

effect of Cu-ALO; nanofillers and interfacial
6
—u=—Experimental
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Fig. 17 Comparison of experimental conductivity with

McCullough theoretical model
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interaction between inorganic and organic phase. The
dielectric constant of PPy-co-PIN at room tempera-
ture was measured to be 6422, and it increased to
11,215, 20,417, and 18,607 for Cu-Al,O3; nanocom-
posites at 3 wt%, 5 wt% and 7 wt% samples. The
increase in dielectric properties related to the rein-
forcement of Cu-Al,O; nanofillers may be the result
of higher ordering in nanocomposites. The addition
of Cu-ALO; nanofillers reduced the inter-chain
spacing and increased the AC conductivity. With the
incorporation of Cu-Al,O3 nanofillers, the inter-chain
distance was reduced and hence experiences excel-
lent AC conductivity. The AC conductivity of PPy-co-
PIN, 3, 5 and 7 wt% nanocomposites was determined
to be — 3.25, — 3.12, — 2.59 and — 2.67 cm™! respec-
tively, at 90 °C. The highest AC conductivity and
dielectric properties reported for the nanocomposite
with a 5 wt% was due to the homogenous dispersion
of Cu-Al,O; nanofillers in the PPy-co-PIN matrix.
The studies on the real and imaginary part of the
electric modulus indicated brief relaxation times of
synthesized materials. The decrease in diameter of
the arc in Nyquist plot with reinforcement of Cu-
Al,O3; nanofillers confirmed the decrease in bulk
resistance. The DC conductivity was improved with
the content of Cu-Al,O; nanofillers and the experi-
mental DC conductivity agrees well with the
McCullough theoretical model. The remarkable
optical, thermal, electric, and dielectric properties of
the materials may be effectively utilised in the design
of opto-electronic devices for sensing and charge
storage.
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