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Nanosilica (NS) was synthesized by a sol–gel method and mixed with 0.98 polyvinyl alcohol (PVA)/0.02
polyaniline (PANI) in different amounts to produce nanocomposite films. High-resolution transmission
electron microscopy (HR-TEM) revealed the average particle size of the NS to be ca. 15 nm. Scanning
electron microscopy (SEM) showed that the NS was well-dispersed on the surface of the PVA/PNAI films.
The Fourier transform infrared (FTIR) spectra of the samples showed a significant change in the intensity
of the characteristic peak of the functional groups in the composite films with the amount of NS added.
The absorbance and refractive index (n) of the composites were studied in the UV–vis range, and the
optical energy band gap, Eg, and different optical parameters were calculated. The dielectric loss mod-
ulus, M″ and ac conductivity, sac, of the samples were studied within 300–425 K and 0.1 kHz–5 MHz,
respectively. Two relaxation peaks were observed in the frequency dependence of the dielectric loss
modulus,M″. The behavior of sac(f) for the composite films indicated that the conduction mechanismwas
correlated barrier hopping (CBH). The results of this work are discussed and compared with those of
previous studies of similar composites.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Polyvinyl alcohol (PVA) has fascinating properties and a wide
variety of applications owing to its high dielectric strength and
good charge storage capacity. Both its optical and electrical prop-
erties depend on the type of filler used. PVA has also gained in-
creasing attention for biomedical applications [1]. PVA has a car-
bon chain backbone with hydroxyl groups that can act as a source
of hydrogen bonding to enhance the formation of polymer com-
plexes [2]. Polyaniline (PANI) has emerged as one of the most
promising polymers for its ease of preparation, good environ-
mental stability, and controllable electrical and optical properties.
PANI has, therefore, been extensively studied and applied in di-
verse areas such as secondary batteries, anticorrosive coating,
anti-static packaging materials, conductive coatings, capacitors,
rotating machines, biosensors, electrostatic dissipation, optoelec-
tronics, and electro-inactive materials [3–5].

PANI is known for its excellent thermal and environmental
stability but poor processibility owing to its insolubility and brit-
tleness, which limits its commercial applications. PANI can be
lty of Science and Education,
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made more processable in composites formed with other water
soluble polymers such as, poly (vinyl pyrrolidone) (PVA), poly
(acrylic acid), and poly (styrene sulfonic acid), which are used as
stabilizers [6]. The stability of PANI dispersions in PVA has been
reported to increase with PVA content [7], and the physical
properties of PVA/PANI show a definite dependence on the ratio of
these two polymers [8]. This further indicates the possible opti-
mization of the ratio of the two polymers in the matrix to improve
their specific optical and dielectric properties.

Nanosized silica (NS) particles have found large-scale applica-
tions in many every-day consumer products, ranging from auto-
mobile tires to optical fibers and catalyst supports. It has been
reported that NS can increase the hardness and scratch resistance
of a coating without affecting its optical clarity [9]. NS particles can
also effectively improve the physical properties of polymeric ma-
terials [10]. For instance, NS particles have been widely introduced
into polymer coatings to improve their heat resistance, wear re-
sistance, hardness, and optical properties [11,12]. Polymer nano-
composites are a group of materials in which nanoparticles are
dispersed in a polymer matrix. Compared with those of the pure
polymers, polymer nanocomposites have different physical and
mechanical characteristics including modulus, strength, hardness,
flammability, dimensional stability, electrical conductivity, ther-
mal resistance, and moisture absorption, depending on the type
and amount of nanoparticles used [13–18].
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Fig. 1. XRD patterns measured at room temperature of (a) pure NS, (b) pure PVA/
PANI film, (c) 1 wt% NS-doped PVA/PANI and (d) 5 wt% NS-doped PVA/PANI films.

Fig. 2. (a) HR-TEM image of pure NS. SEM images of some selected NS-doped PVA/
PANI films: (b) 1 wt% NS, and (c) 5 wt% NS.

Fig. 3. FTIR spectra of pure PVA/PANI and PVA/PANI loaded with different NS
content.
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PANI–PVA–NiO (IPN) nanocomposite film containing nickel
oxide nanoparticles uniformly dispersed in the polymer matrix
has previously been successfully fabricated at room temperature
[19]. Magnesium oxide (MnO2)–loaded PANI/PVA thin films
showed better response to ammonia and trimethyl ammine vapor
than unloaded film [7]. X-ray diffraction (XRD) analysis revealed
an increase in the crystallinity of these films with PVA con-
centration, with the possible interaction between PANI and PVA
also indicated by Fourier transform infrared spectroscopy (FTIR).
The non-ohmic I–V characteristics of the films suggest possible
application in the field of device (particularly FET, etc.) fabrication
[20].

PANI and its charge transfer complexes have been used as en-
gineering materials owing to their unique electrochemical beha-
vior, environmental stability, and high degree of processability.
Extensive works on the preparation of electrically conductive PANI
blends containing a polymeric matrix having desirable physical
and mechanical characteristics represent a promising route to
overcome the intractability of PANI. In this work, we aimed to
improve the physical properties of PVA by adding 2 wt% PANI and
then loading the mixture with different NS contents. The nano-
composite films were characterized by XRD and FTIR in addition to
the study of their optical and dielectric properties.



Table 1
Observed characteristic vibrations from FTIR. The square brackets in this table refer to the references.

FTIR peak (cm�1) Pure NS Pure PVA Pure PANI Pure PVA/PANI 1 wt% NS-loaded PVA/PANI 3 wt% NS-loaded PVA/PANI 5 wt% NS-loaded PVA/PANI

N–H stretching 3306.64 [25] 3043.12 3054.69 3050.83 3116.40
C–N stretching 1568.99 [25] 1565.92 1569.77 1569.77 1569.77
O–H stretching 3565.5 [25] 3571.52 3575.38 3579.23 3559.95
C–H stretching 2921.6 [25] 2908.13 2938.98 2950.55 2935.13
Si–O–Si stretching 1140 [27–29] 1017.97 1130.08 1126.22
Si–OH stretching 960 [29,30] 944.95 944.95 944.94

Fig. 4. The main frame represents UV–vis absorption spectra, and the inset shows the plots of (αhυ)2 versus hυ for PVA/PANI film and PVA/PANI filled with NS.

Table 2
The direct energy band gap, Eg, Urbach energy, EU, and various optical dispersion parameters of pure PVA/PANI and PVA/PANI loaded with different contents of NS.

Sample Eg (eV) EU (eV) Ed (eV) Eo (eV) n1 λo (nm) So�1012 (m�2)

NS (wt%) PVA/PANI (wt%)

0 100 4.72 0.39 10.90 3.69 1.15 314.14 3.27
1 99 4.60 0.33 10.28 4.02 1.17 318.97 3.63
3 97 4.57 0.37 10.84 7.64 1.29 314.77 6.70
5 95 4.48 0.29 13.66 18.53 1.51 283.03 15.90

Fig. 5. Plots of ln(α) versus hυ of pure PVA/PANI film and that loaded with different
ratios of NS. The solid lines in are the fittings according to Eq. (3).
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2. Experimental

Silica nanoparticles were synthesized via a sol–gel method. A
desired amount of sodium silicate (Na2SiO3, Sigma-Aldrich) was
dissolved in distilled water under stirring for 15 min, and then
precipitated using dilute hydrochloric acid. The precipitate was
filtered and washed several times with distilled water until com-
plete removal of sodium chloride from the precipitate, and then
the precipitate was dried overnight. The synthesized SiO2 nano-
particles were added to PVA/PANI in different concentrations (1, 3,
and 5 wt%) according to the relation:

⎛
⎝
⎜⎜

⎞
⎠
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w w
(wt%) 100
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f

p f
=

+
×

where wf and wp represent the weights of SiO2 and PVA/PA, re-
spectively. The nanocomposite films were prepared as follows:
1.0 g of the PVA/PANI mixture was dissolved in 25 mL distilled
water under stirring until a clear solution was obtained. The re-
quired mass of the prepared NS particles was added to the solution
under ultrasonic stirring at RT for 30 min to prevent the agglom-
eration of the nanoparticles. The obtained mixtures were then cast
into Petri dishes and left to dry in air at RT for 24 h. Finally, the



Fig. 6. (a) Dependence of refractive index (n) on wavelength (λ), (b) Plots of (n2�1)�1 against (E)2, and (c) (n2�1)�1 versus λ�2 for pure PVA/PANI and PVA/PANI loaded with
NS. The solid red lines in (b) and (c) are the linear fitting according to Eqs. (5) and (6), respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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films were peeled off from the Petri dishes and care was taken to
obtain homogenous samples with the same thickness (E0.1 mm).
It was not possible to prepare composites with higher (45 wt%)
NS loadings because of agglomeration.

X-ray diffraction (XRD) analysis of the samples was performed
using a Rigaku miniflex diffractometer with CuKα radiation
(λ¼1.5406 Å). High-resolution transmission electron microscopy
(HR-TEM; JEM 2100, JEOL, Japan) was used to determine the particle
size of the as-synthesized nanosilica. Scanning electron microscopy
(SEM; Inspect S, FEI, Holland) images were taken of the pure PVA/
PANI and the nanocomposite films. The FTIR spectra of all samples
were recorded using a Shimadzu 8201 PC in the range of
4000–400 cm�1. The spectra were obtained with a resolution of
1.0 cm�1 and accuracy better than 73 cm�1. Optical character-
ization was carried out using a Shimadzu UV-3600 UV–vis–NIR
spectrophotometer in the wavelength range 200–850 nm with an
accuracy of 70.2 nm. The temperature and frequency dependence
of the dielectric characterizationwas carried out using an LCR meter
(model 3532, HIOKI, Ueda, Nagano, Japan), with a capacitance
measurement accuracy on the order of 0.0001 pF. The temperature
was measured with a T-type thermocouple having an accuracy of
71 °C. The dielectric constant, ε′, of each sample was calculated as
ε′¼dC/ε0A, where C is the capacitance, d is the thickness of the
sample, ε0 is the permittivity of free space, and A is the cross-sec-
tional area of the sample. The dielectric loss, ε″, is calculated from ε′
tan δ, where tan δ is ε′/ε″. The total ac conductivity (st) was ob-
tained using f2t 0σ π ε ε= ″. The ac conductivity (sac) was corrected
from the low-frequency conductivity (sdc) as given in Eq. (9).
3. Results and discussion

3.1. Characterization

The XRD patterns of nanosilica (NS), pure PVA/PANI, and the
nanocomposite films are shown in Fig. 1(a–d). The amorphous



Fig. 7. Frequency dependence of M′ for pure PVA/PANI film and that loaded with different NS content at different temperatures: (a) 328 K, (b) 343 K, (c) 363 K, and (d) 383 K.
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nature of the nanosilica was clearly observable in Fig. 1(a), con-
sistent with previous reports [21,22]. The observed maximum in-
tensity diffraction peak of pure PVA/PANI and that loaded with NS
was 2θ¼19.5° which corresponded to a d spacing of 4.5501 Å and
reflection plane (101) for the host material (PVA), similar to that
reported in Ref. [23]. Another small peak observed around
2θ¼40.6° indicated the presence of the typical semicrystalline
structure of PVA [24]. No clear peaks were indexed around
2θ¼23.44° for PANI as reported in Ref. [25]. This means that the
PANI in the samples exhibited an amorphous behavior.

The as-prepared NS were imaged by HR-TEM to determine
their crystal size. It can be seen from Fig. 2(a) that the NS was well
defined and ranged from 10.7 to 19.5 nm in size. The average
particle size was about 15 nm. This indicates that our synthesis
process was a suitable method for obtaining NS. Fig. 2(b–c) shows
the SEM images of selected nanocomposite films, in which it can
be seen that there was a good dispersion of NS on the surface of
the PVA/PANI.

FTIR spectroscopy is very sensitive to the formation of hydro-
gen bonds [26] and can be used to identify interaction in polymer
composites. Fig. 3 shows the FTIR absorption spectra obtained for
pure PVA/PANI and that loaded with 1, 3, and 5 wt% NS. The ob-
served strong bands are summarized in Table 1. There are two
main characteristic bands for pure PVA [25,26]; the first at
3565.5 cm�1 is caused by O–H stretching vibrations of the hy-
droxyl groups of PVA. The second band is at 2921.6 cm�1 and
arises from C–H stretching. These bands were observed for our
investigated films. Except for 5 wt% NS-loaded PVA/PANI, there
was a regular shift of the O–H stretching vibration to higher wa-
venumber with NS loading. Similarly, C–H stretching was en-
hanced for the nanocomposite films compared with the pure PVA/
PANI film. Two characteristic bands are reported for PANI [25]; the
C–N stretching band at 1568.99 cm�1 was the same for all in-
vestigated samples. The second, N–H stretching, appears around
3306.64 cm�1 and was shifted to lower wavenumber in the pure
PVA/PANI and that loaded with different NS content. Two other
observed bands that were characteristic of NS particles appeared
at 1140 cm�1 [27–29], attributed to Si–O–Si stretching, and
960 cm�1 [27,30], attributed to Si–OH stretching, in the spectra of
the NS-loaded PVA/PANI films. Moreover, the peaks observed
around 640 and 559 cm�1 were a clear indication of PVA–PANI
crosslinking because these bands do not appear in the spectra of
either pure PVA or pure PANI [20].

As seen from Fig. 3 and Table 1, the FTIR bands of NS-loaded
PVA/PANI were not modified drastically from those of the pristine
film. This indicates that the PVA/PANI filmwas not damaged by the
addition of the NS. Also, the absorbance peaks showed a regular
increase in the intensity with NS particle loading. This was caused



Fig. 8. Frequency dependence of M″ for pure PVA/PANI and PVA/PANI loaded with different NS ratio at different temperatures: (a) 328 K, (b) 343 K (c) 363 K and (d) 383 K.
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by the formation of bonds between the constituents of the com-
posite materials.

3.2. Optical properties

UV–vis absorption spectroscopy is a direct and simple method
of probing the band structure of materials. The UV–vis absorption
spectra of pure PVA/PANI and PVA/PANI loaded with NS are pre-
sented in Fig. 4. The absorbance of the films changed with in-
creasing NS content in the PVA/PANI matrix. An absorption band
at �280 nm assigned to the π–πn transition in PVA was observed
for both the pure and NS-loaded PVA/PANI films [31–33]. The in-
tensity of this band was dependent on the amount of NS in the
nanocomposite films. Another small peak around 600 nm was
observed for the pure PVA/PANI film and those loaded with 1 and
3 wt% NS. This peak can be attributed to the formation of charge
transfer complexes. The direct optical energy band gap (Eg) of the
films was determined from their UV–vis spectra according to the
frequency dependence of the absorption coefficient, α, (where
α¼absorbance/film thickness) and using Tauc's relation [34–37]:

( )h B h E (2)
r

gα υ υ= −

where hυ is the incident photon energy, approximated to
hυ¼1240/λ, B is a constant, and r is assumed to be 2 for allowed
indirect transitions [38]. A plot of (αhν)2 versus hν at RT enables
the estimation of Eg by extrapolating the linear part of (αhν)2 to
zero, as shown in the inset of Fig. 4. The obtained Eg values are
listed in Table 2. Eg decreased to 4.48 eV as the NS content
increased to 5 wt%. Similar behavior has been reported for other
composite polymers [31,39,40]. This decrease in Eg is attributed to
the creation of localized states in the band gap as a result of NS
loading.

The absorption coefficient near the fundamental absorption
edge is exponentially dependant on hυ and obeys the empirical
Urbach relation. The Urbach energy (EU) can be calculated using
the following equation [41]:
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⎝⎜

⎞
⎠⎟

h E
E

exp
(3)

o
I

U
α α

υ
=

−

where EI and αo are constants. EU values were calculated from the
slopes of the graphs shown in Fig. 5 using the re-
lationship E d ln d h( / )U

1α υ= − , and are given in Table 2. The EU
values of the PVA/PANI films decreased with NS content. EU
changed to become similar to Eg, which may have been caused
by the disorder of the PVA/PANI matrix being increased by NS
loading. This decrease would lead to a redistribution of states from
the band to tail, allowing a large number of possible band-to-
tail and tail-to-tail transitions [42]. Moreover, the decrease in
the optical band gap, Eg, and the increase of sac indicated an
expected consistency between the ac conductivity and optical



Fig. 9. Master curves for pure PVA/PANI and that loaded with NS scaled by the first peak maximum (α-peak, i.e. p1) and position at (a): 343 K and (b) 383 K. Master curves
pure PVA/PANI film and PVA/PANI loaded with NS scaled by the second peak (p2) maximum and position at: (c) 343 K and (d) 383 K.
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measurements.
One method of calculating the refractive index (n) of a film is to

use the reflectance (R) and extinction coefficient, k, (k¼αλ/4π) as
follows [43]:

⎡⎣ ⎤⎦n R R k R R4 /(1 ) [(1 )/(1 )] (4)
2 2 1/2

= − − + + −

where n is the real part of the complex refractive index given by
n ikñ = + , and R is the reflectance calculated from the absorbance

(A) and transmission (T) spectra using the relation;
R T A1 exp ( )= − [43]. Fig. 6(a) shows the refractive index
distributions of the pure PVA/PANI film and that loaded with NS
particles. The n of the PVA/PANI film increased regularly with the
NS content, consistent with results observed for PVC/CdO [31] and
PVC/Cr2O3 [44] nanocomposites. The physical properties of a
material depend strongly on its internal structure, including
packing density and molecular weight distribution. The increased
n of PVA/PANI after embedding NS may have been caused by the
formation of intermolecular hydrogen bonds between the oxygen
atoms of NS and the adjacent hydrogen atoms of PVA or PANI. This
increase in n may allow these materials to be used as an anti-
reflection coating for solar cells, or as high-refractive-index lenses.
A small peak was observed in n (hν) in the pristine film and those
loaded with 1 and 3 wt% NS.

From the normal dispersion behavior of n with λ, various dis-
persion parameters can be calculated within selected absorbance
bands on the basis of the single oscillator model developed by
DiDomenico and Wemple [45,46]:
n
E E

E h
1

( ) (5)
d o

o

2
2 2υ

= +
−

where Ed is a measure of the strength of the interband optical
transitions while Eo is the average excitation energy for the elec-
tronic transitions. Both Ed and Eo can be obtained from the inter-
cept and slope of the linear fit of (n2�1)�1 against E2, as depicted
in Fig. 6(b). The determined values of Ed and Eo are listed in Table 2.
The variation of n with λ can be expressed as [47]:
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where n1 is the long-wavelength refractive index and λo is the
average interband oscillator wavelength. The parameters n1, λo,
and So (average oscillator strength; S n( 1)/o o

2 2λ= −∞ ) were ob-
tained from the slope and intercepts of the (n2�1)�1 versus λ�2

curves presented in Fig. 6(c). The values of these parameters are
also given in Table 2. The optical parameters of PVA/PANI were
changed by the incorporation of NS into the polymer matrices.
This suggests that the optical constants of the nanocomposite
films could be changed by their NS content. The quantitative
measurement of these parameters may assist in tailoring and
modeling the properties of such nanocomposites for use in optical
components and devices.

3.3. Electric modulus

In composite polymeric materials, the presence of interfaces
gives rise to interfacial polarization, or the Maxwell–Wagner–



Fig. 10. Frequency dependence of sac for: (a) pure PVA/PANI films and those loaded with different NS content at different temperatures: (a) 343 K, (b) 363 K, (c) 383 K and
(d) 403 K. The solid red lines show the fits to Eq. (9). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
The values of the exponent, s, for pure and NS-loaded PVA/PVNI at different tem-
peratures according to the fitting of Eq. (9).

Sample 312 K 323 K 343 K 383 K 403 K

NS (wt%) PVA/PANI (wt%)

0 100 0.365 0.207 0.085 0.082 0.065
1 99 0.369 0.193 0.147 0.136 0.133
3 97 0.402 0.143 0.157 0.142 0.142
5 95 0.434 0.104 0.091 0.089 0.066
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Sillers (MWS) effect. This effect appears in heterogeneous media
because of the accumulation of charges at the interfaces, and is
why the dielectric permittivity becomes high at low frequencies
and high temperatures. To overcome the difficulty of experimen-
tally observing the interfacial polarization, the modulus formulism
can be used to analyze the electrical conductivity of an ionic
polymeric material [48]. In addition, the modulus formalism can
be used to suppress the signal intensity associated with the elec-
trode polarization, to emphasize small features at high fre-
quencies. The recorded dielectric data can be expressed in terms of
the complex electric modulus (Mn), which is defined as the inverse
of the complex permittivity (εn):

M i
1

(7)2 2 2 2ε
ε

ε ε
ε

ε ε
* =

*
= ′

′ + ″
+ ″

′ + ″

or

M M iM (8)* = ′ + ″

where M′ and M″ are the real and imaginary parts of the electric
modulus, respectively.

The frequency dependence of the real part of the dielectric
modulus (M′) of the pristine PVA/PANI and nanocomposite films at
various temperatures are plotted in Fig. 7(a–d). It is clear that the
values of M′ increased with frequency and exhibited an S-shaped
trend. This S-shaped dispersion of M′ is typical of ionic materials
[49]. The near zero M′ values at low frequency indicate the re-
moval of the electrode polarization for the investigated samples.
This result suggests that electrode polarization plays a role at high
temperatures and low frequencies. The NS within the PVA/PANI
matrices influenced the polarization and correspondingly the
electrical conductivity of the films.

From a physical point of view, the electrical modulus corres-
ponds to the relaxation of the electric field in the materials when



Fig. 11. The temperature dependence of ac conductivity, sac, of pure PVA/PANI film and that loaded with different NS content at different selected frequencies.
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the electric displacement remains constant. Fig. 8(a–d) shows the
plots for the imaginary part (M″) as a function of frequency at
various temperatures for all investigated samples. The two peaks
observed in the plot M″ indicate relaxation processes; the first was
attributed to α-relaxation because of dipole orientation, while the
second can be ascribed to side group motions or conformational
changes in side groups similar to that reported for poly (3-hy-
droxy) butyrate [50]. The position of the first peak (α-relaxation)
shifted toward higher frequency with increasing temperature. This
relaxation peak was observed for all investigated samples within
the studied frequency range. The second relaxation peak of M″(f)
moved slightly toward lower frequency with temperature. The
frequency range peak maximum (Mm″) determines the range in
which charge carriers are mobile over long distances. At fre-
quencies above the peak maximum, the carriers are confined to
potential wells and, therefore, are mobile for only short distances.

3.3.1. Frequency temperature superposition (FTS)
The frequency temperature superposition (FTS) principle de-

scribes the microscopic mechanisms under study in many elec-
trical and mechanical systems. When investigating the spectral
shapes of these systems, it is possible to force the data corre-
sponding to different temperatures to fall on a single master curve,
which indicates some similarity in the physical mechanisms that
underlie various materials. This behavior also demonstrates that
the microscopic mechanisms of various systems are independent
of temperature [51]. For examples, inorganic solids, glasses,
semiconductors, and polymers have been found to follow FTS
[52,53]. Fig. 9(a–d) presents the dielectric spectra of the normal-
ized-imaginary part of the electric modulus, M″/M″j-max, as a
function of the normalized-frequency f/fj-max, where j refers to first
peak (p1) and second peak (p2) for all samples, measured at two
different temperatures. As seen from the figure, FTS applies to the
lower side of the first peak only, and does not work well for the
full spectrum at high frequencies. This means that the master
curve for all of the films falls below f/fj-max at higher frequencies.
This behavior suggests different relaxation mechanisms in these
samples for this specific range of temperatures and frequencies.

3.4. Ac conductivity analysis

The frequency dependence plots of ac conductivity (sac) mea-
sured at different temperatures are shown in Fig. 10(a–d). sac was
found to increase with frequency and temperature. The tempera-
ture dependence arose from a combination of inhomogeneity and
microscopic disorder. At a particular T for a disordered semi-
conductor, sac obeys the following relation [54,55]:

f Bf( ) 2 (9)ac t dc
sσ σ σ π= − =

where sdc is the low-frequency conductivity, st is the total con-
ductivity, s is a universal exponent, and B is a pre-exponential
factor. The dc conductivity is subtracted by extrapolating st (f) to
f-0. Various theoretical models for ac conductivity have been
proposed to explain experimental observations of complex sys-
tems. In the electron tunneling model, s is independent of T but
dependent on f. In the case of small polaron tunneling, s increases
with of T. The correlated barrier hopping (CBH) model [56]
predicts a decrease in s with temperature. In the CBH model, the
charge carrier hops between sites over the potential barrier
separating them. To identify the dominant conduction mechanism,



Fig. 12. The temperature dependence of ac conductivity, sac, of pure PVA/PANI film and that loaded with different NS content at different frequencies; (a) 10 kHz, (b) 100 kHz
(c) 1 MHz, and (d) 5 MHz. The solid red lines show the fit according to Eq. (10). The top of the upper frames shows the corresponding T range to 1000/T. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Activation energies of pure PVA/PANI and PVA/PANI films loaded with different NS
content according to the fit of Arrhenius relation (Eq. (10)) within the temperature
range of 313–363 K.

Sample f¼10 kHz 100 kHz 1 MHz
E (eV) E (eV) E (eV)

Pure PVA/PANI 0.238 0.139 0.058
1 wt% NS 0.202 0.103 0.038
3 wt% NS 0.192 0.094 0.034
5 wt% NS 0.206 0.105 0.032
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we considered the frequency dependence of sac within the
experimental frequency range (0.1–3 kHz), as shown in Fig. 10(a–
d). The results yielded straight lines with different slopes (i.e.,
different s). Table 3 shows the values of s for the pure and NS-
loaded PVA/PANI films at various temperatures. Because s de-
creased with increasing temperature, we believe the conduction
mechanism to be CBH within the studied frequency range.

The temperature dependence of sac for the pure PVA/PANI film
and that loaded with NS at certain representative frequencies is
shown in Fig. 11(a–f). sac increased with frequency and exhibited a
peak at around 365 K, attributable to the crystalline region or α-
relaxation. This peak broadened and shifted to lower temperature
with increasing frequency. The effect of NS on the mixture of PVA
and PANI was pronounced at higher frequencies, and the NS
clearly increased the conductivity of the PVA/PANI polymers. The
temperature dependence of the conductivity presented as log(sac)
versus the reciprocal temperature at selected frequencies is shown
in Fig. 12(a–d). Within the temperature range (313 KrTr363 K),
ac conductivity is thermally activated according to the Arrhenius
relation:

E kTexp ( / ) (10)ac oσ σ= −

where so is the pre-exponential factor and E is the activation en-
ergy. The increase of sac with temperature may have been caused
by an increase in the absorbed energy, which leads to an increase
in the number of charge carriers that contribute to the conduction
process. This reveals that the conduction mechanism could be a
hopping one. Also, the variation of the conductance with tem-
perature can be attributed to a combined effect of the change in
the conductance with temperature and to the nature of the trap
distribution inside the polymer networks. The value of E was
calculated and listed in Table 4. The value of E decreases as the
frequency increases and is slightly dependent on the NS content.
4. Conclusions

Nanosilica (NS) particles having an average particle size of
15 nm were successfully prepared using a sol–gel method and
loaded into pure PVA/PANI film at 1, 3, and 5 wt%. SEM images
showed that the prepared films of both pure PVA/PANI and that
loaded with NS were homogenous. There was no pronounced ef-
fect of the NS on the crystal structure of the PVA/PANI matrix. FTIR
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spectroscopy confirmed the formation of PVA/PANI matrix as well
as NS-(PVAþPANI) nanocomposite films. The addition of the NS
nanoparticles to the PVA/PANI films modified their optical prop-
erties considerably. The direct optical energy band gap showed a
shift from 4.72 to 4.48 eV upon addition of NS nanoparticles. The
refractive index of pure PVA/PANI was observed to increase with
NS content. The optical dispersion constants of the films also
changed with NS addition. These results reveal that the present
NS-loaded PVA/PANI films may be suitable for application in op-
tical devices. Our measurements of the frequency dependence of
the dielectric modulus of the pure and NS-loaded PVA/PANI films
revealed two relaxation processes in the temperature and fre-
quency ranges studied. The first is α-relaxation, which we attri-
bute to micro-Brownian motion of the polymer backbones in the
amorphous or crystalline regions of PVA. The second can be at-
tributed to side group motions or conformational changes in side
groups of the polymeric matrices. The ac conductivity sac of the
investigated samples also revealed that CBH is the most probable
conduction mechanism for both the pure and NS-loaded PVA/PANI
films. Moreover, the temperature dependence of the ac con-
ductivity was found to be thermally activated within 313–363 K.
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