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ABSTRACT

Self-standing polyaniline (Pani) films modified with gold nanoparticles (Au NP’s), where Au NP’s are added in different
successive weight percents, have been synthesized by conventional chemical polymerization technique. An in-depth
investigation of the structural and electrical characteristics of prepared films has been conducted using various
characterizations. The X-ray diffraction (XRD) validates the presence of Au NP’s in Pani and the results are supported well by
energy dispersive X-ray analyzer (EDX). The field emission scanning electron microscopy (FESEM) clearly shows thorough
dispersion of Au NP’s in the amorphous host matrix with minor aggregation. The Fourier transform infrared red (FTIR) studies
give the information of possible chemical interaction between the nanoparticles and polymer which is in good agreement with
charge transfer mechanism proposed in the manuscript. The temperature dependent dc electrical conductivity has been observed
to depend strongly on the nanoparticle loading and follows Mott’s three-dimensional variable range hopping (3D VRH)
conduction mechanism. Parameters obtained from Hall Effect measurements are of same order as is calculated by dc
measurements which indicates a very good corroboration of results. Higher ac conductivity, dielectric constant and dielectric
loss of nanocomposites have also been observed as compared to that of pure Pani. Copyright © 2015 VBRI Press.
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Introduction

Conducting polymers have found considerable interest in
modern technology because they possess the characteristic
chemical and mechanical properties of organic polymers
with unique electrical properties similar to that of metals
and semiconductors [1]. Polyaniline has proved to be a
most useful and robust conducting polymer for application
purposes. It has numerous advantages like ease of
synthesis, wide range of tunable electrical and optical
properties, low cost, environmental stability and
processability in ambient conditions [2-6]. The
incorporation of different types of metal nanoparticles into
the conducting polymer is reported in the literature [7-12].
Among the wvarious metal nanostructures, Gold
nanoparticles have been the focal point for attention
because of their particular electrical, optical, thermal,
catalytic, and biocompatible properties [13-15]. It is
possible to synthesize specific novel materials having both
organic and inorganic characteristics by introducing metal
nanoparticles into conducting polymer matrix [16]. These
composite materials are expected to exhibit several
collaborative properties between the organic polymer and
metal nanoparticles and hence making them promising
candidates for applications in several fields especially in
catalysis, biosensors, sensors, memory devices, electro-
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chromic devices [17-26]. Pani occurs in various insulating
forms, the fully oxidized pernigraniline base (PNB), semi
oxidized emeraldine base (EB) and fully reduced
leucoemeraldine base (LEB), depending on its oxidation
state. The EB form of Pani differs from PNB and LEB in
the sense that its conductivity can be transformed from
insulating form to a conducting form by doping with acids
or metal nanoparticles. It is mostly soluble in 1-methyl-2-
pyrrolidinone (NMP). The self-standing film of EB form
can be easily obtained from its NMP solution through slow
controlled evaporation of the solvent. Therefore in the
present paper, EB form of Pani has been selected to prepare
self-standing films modified with gold nanoparticles. The
synthesis and characterization of Pani/Au nanocomposites
using diverse synthetic methods and analysis techniques is
well documented. Venditti et al [27] prepared composite
material by means of an osmosis based method. Ali et al
[28] employed two-step electrochemical synthesis method
for synthesis of Au nanoparticles decorated polyaniline
nanofibers. Gupta et al [29] reported the preparation of
composite of polyaniline nanorod with gold by chemical
oxidative method. Bogdanovic et al [30] applied an
interfacial method to produce composites containing
polyaniline and gold nanoparticles. Mallick et al [31]
synthesized one-dimensional gold-polyaniline composite
materials and reported optical, microscopic and low
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temperature electrical properties of the composite networks.
However, ingrained limitations associated with these
methods were unavoidable, for example, complex process
control, cost-ineffective and risk of contamination. In the
present research work, conventional polymerisation has
been adopted to get self-standing films of Pani consisting of
gold nanoparticles. The chosen method is economical, cost
effective, has negligible risk of contamination and provides
good quality self-standing films. Different research groups
have tried hard to maximize the performance of
nanocomposite based device. To achieve this objective, it is
increasingly important to have a detailed understanding of
the underlying mechanism responsible for the structural and
electrical changes of the resulting polymer/metal
nanocomposite. The present work demonstrates a
comprehensive study of the transport mechanism in self-
standing sheets of Pani/Au nanocomposites. The interest
behind this investigation is to study the typical changes in
electrical properties of Pani when gold nanoparticles are
dispersed in it.

Experimental
Material synthesis

The materials used for synthesis were aniline monomer,
ammonium per oxy disulfate (APS), 1-methyl-2-
pyrrolidinone (NMP), gold nanoparticles (particle size
~100 nm) and hydrochloric acid (HCI), all obtained from
Aldrich and wused as received without any further
purification. Doubly distilled water was used during the
whole experiment. The oxidative polymerization of aniline
monomer using 0.25 M APS as an oxidizing agent was
adopted for preparing green colored conducting emeraldine
salt form [32]. The conducting salt so obtained was
converted to insulating EB form by dipping it in 0.1M
ammonia solution for 4-5 h. This base form was filtered
through Buchner funnel after washing with copious amount
of distilled water, 1M HCI acid and acetone. The shinning
copper-brown colored precipitates were dried and crushed
into fine powder. This powder was dissolved in NMP
solvent and filtered. For making nanocomposite films, the
gold nanoparticles of concentration 0.30%, 0.60% and
1.0% by weight were added in the above solution and
sonicated. The resulting solutions were placed in a
convection oven for 24 h at 60-70 °C to cast self-standing
films of Pani and Pani/Au nanocomposite (thickness ~30
um). The labeling of prepared samples is tabulated in
Table 1.

Table 1. Composition and coding of the prepared samples.

Sample Code Polyaniline (wt %)  Gold NP’s (wt %)
So 100 0

So.30 99.7 0.30

So.60 99.4 0.60

Si0 99.0 1.0

Characterizations

The X-ray diffraction of the films was carried out on a
Bruker AXS D8 diffractometer. The structural changes
were studied using Varian 660 IR FTIR spectrometer in the
range 4000-400cm™. The surface morphology and

elemental composition of the samples were examined using
Carl Zeiss Supra 55 field emission scanning electron
microscope (FESEM) equipped with 50 mm sq., oxford
instruments X-mas energy dispersive X-ray analyzer
(EDX). The dc conductivity measurements were performed
by standard four probe method in the temperature range of
80-350K using Keithley 2612A System source meter and
Lake Shore 340 temperature controller. Hall measurements
were taken using Ecopia Hall effect measurement system
(HMS-3000 VER 3.51.5) at room temperature using the
Van der Pauw configuration. For dc and Hall
measurements, samples were made conducting by dipping
them in 1M HCI solution. Dielectric measurements were
carried out using fully automatic Hewlett Packard 4284A
precision LCR meter in the frequency range 20 Hz-1 MHz
at room temperature. The contacts were made on the
samples using silver paste.

Results and discussion
X-ray diffraction

Fig. 1 shows the XRD patterns of pure Au nanoparticles,
Pani (Sg) and Pani/Au nanocomposite films (Sg 39, So.60, and
S10)- A broad amorphous hump or halo at about 20° in all
the samples is assigned to the parallel periodicity of Pani
[33]. All other characteristic peaks at 26= 38°, 44.4°, 64.5°,
77.5°, and 81.8° found in Fig. 1(b-d) represent Bragg’s
reflections, respectively, from (111), (200), (220), (311)
and (222) planes of the face centered cubic lattice phase of
gold (JCPDS no-04-0784). Fig. 1(e) shows the XRD
pattern of pure gold nanoparticles. The strong (111) Bragg
reflection indicates highly oriented crystalline character of
the gold particles. Average crystallite size calculated from
(111) diffraction peak using Debye—Scherrer’s equation is
~100 nm for Au NP’s.
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Fig. 1. X-Ray diffraction pattern of Pani (Sg) and Pani/Au films (S 30,
So.60, and Sy o).
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FT-IR analysis

In order to determine the possibility of interactions among
gold nanoparticles and Pani, FTIR spectroscopy has been
performed and is presented in Fig. 2. All characteristic
absorption bands for the EB form of Pani [32, 34] are
observed in Fig. 2(a). These characteristic bands of Pani
can also be identified in the infrared spectra of the
nanocomposite films in Fig. 2(b-d) affirming the formation
of Pani in all samples. The bands at 1239 and 1274 cm™
indicate C=N and C-N stretching modes, while the bands at
1482 and 1584 cm refer to C=C stretching deformations of
benzoid (N-B-N) and quinoid (N=Q=N) units, respectively.
The bands at 1167 cm™ and 832 cm™ are identified as C-H
in-plane and C-H out-of-plane bending, respectively. The
bands at 3281 cm™ attribute to N-H stretching. The C=0
stretching band observed at 1672 cm™ suggests that the
Pani film consists of residual NMP solvent [32]. Though
there is no drastic modification in the peak positions has
been observed for Pani and Pani/Au nanocomposites but a
gradual change in the intensity of peaks is well observed
with addition of Au nanoparticles. It is observed that as the
concentration of gold nanoparticles increases, there is
change in intensity of some specific bands at 1239 and
1584 cm associated with C=N and C=C respectively. It
results due to stretching of the quinoid ring, illustrating that
gold nanoparticles and Pani have some sort of interaction
between them. Therefore, it is presumed that Au NP’s may
be situated nearby to the imine nitrogen of quinoid ring of
Pani. These results validate the proposed conduction
mechanism in Pani/Au nanocomposites (Scheme 1)
discussed later.
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Fig. 2. FTIR spectrum of Pani (So) and Pani/Au films (So.30, So.60, and
S1.0).
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Scanning electron microscopy

The SEM images of Pani and Pani/Au composite materials
are exhibited in Fig. 3. It has been noticed from Fig. 3(a)
that the surface of pristine polyaniline film is smooth and
featureless. Fig. 3(b-d) displays the uniform dispersion of
gold nanoparticles (bright spots) in the amorphous host
matrix with minor aggregation. Wide ranges of
particle/cluster size are observed having long dimensions
on the order of a few micrometers and short dimensions on
the order of 90 nm [35]. The number of agglomerates has
been increased with increasing Au NP’s concentration in
the Pani. This may be attributed to the temperature
dependent Brownian motion of nanoparticles in solution. If
the particle concentration is high, particles may repeatedly
collide, eventually leading to irreversible aggregation and
precipitation in the given samples. Fig. 3(e) demonstrates
the EDX spectrum of S;, sample. Carbon, oxygen,
nitrogen, and chlorine are obtained from the Pani structure.
Gold peak in the spectrum implies the presence of gold
nanoparticles in the polyaniline. The coupled information
from SEM and EDX supports the genuine nanocomposite
formation with Pani and Au nanopatrticles.
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Fig. 3. FESEM micrographs of (a) So, (b) So.30, (€) So.60, (d) S1.0 samples
and (e) EDX spectrum of S1.0 sample.

Temperature dependent dc conductivity

To find the influence of different concentrations of gold
nanoparticles on the charge transport mechanism in the
Pani, the dc conductivity o4, Of the samples has been
inspected in the temperature range 80-350 K. Fig. 4
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displays the variation of o4 With temperature. The room
temperature conductivity varies between 15 and 398 Sm™
with addition of gold NP’s. The og4 increases with
increasing temperature suggesting a semiconducting
behavior for all the samples. To examine the conduction
mechanism, several models are applied for the conductivity
data. Fig. 4(a) presents In o4 versus 1000/T plot which
gives a moderate fit to the data for the whole temperature
range studied. However, perfect fit to the experimental
results is given by Mott’s three-dimensional variable range
hopping (3D VRH) model as shown in Fig. 4(b).
Therefore, the observed conductivity of the films may be
associated with the hopping of electrons along and between
the molecular chains. Such a situation has been well
described by Mott [36] through the movement of electronic
charge carriers. Each time an electron moves between the
polymer chains, an electron just below the Fermi level
jumps normally to a state just above it with average
hopping energy W and transfers from one chain to the
adjacent chain. The wave functions of these polymer chains
overlap with each other. Accordingly the electrical
transport along the molecular chain might be easier than
between the chains in Pani/Au films.
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Fig. 4. Variation of dc conductivity as a function of (a) 1000/T and (b) T
Y4 of Pani (So) and Pani/Au films (So.30, So.s0, and S1.0).

According to Mott’s three-dimensional variable range

hopping (3D VRH) model, the conductivity in three
dimensions is given by

()= oy exp(Tr—oj% &)
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where, T, is the characteristic temperature, which can be
interpreted as an energy difference between localized states
and o, is the conductivity at infinite temperature. Both can
be calculated using the formulae

_ A’ 2
To= kN (Er)
o, =e*R?*v  N(Ep) ©))

where, 4 =18.1 [36] is a dimensionless constant, & ' =
1.1 nm [37] is the coefficient of exponential decay of the
localized states involved in the hopping process, K is
Boltzmann’s constant, N(Eg) is the density of states at the
Fermi energy level, e is the electronic charge, vy, is a
phonon frequency (~10" Hz) and R is the hopping distance
between two sites can be given as

f
] @
87ckTN(E,)

The average hopping energy W can be evaluated by the
following relation

_ 3 ®)
47R°N(E,)

The values of Ty, R, W and N(Eg) as evaluated from
above equations are listed in Table 2 and are in good
agreement with the values reported earlier [36-39]. The
variations of Mott’s parameters with the increase of Au
NP’s concentration provide an acceptable explanation for
the enhancement of conductivity of Pani/Au films. The
obtained results fulfill the Mott’s requirement aR >> 1 and
W=>> KT for conductivity by hopping to distant sites.

Table 2. Mott’s parameters such as Characteristic temperature (To),
hopping distance (R), average hopping energy (W), density of states at
Fermi energy level N(Ef) and Electrical parameters obtained from Hall
Effect measurements such as carrier concentration (n), mobility (w), Hall
resistivity (p), Hall coefficient (Ry) for different Pani/Au samples.

Parameters So Sos0 Sos0 S0

T, (K) 1.84x107 1.47x107 4.6x10° 8.7x10°
Rhop (M) at 300K 6.45 6.13 4.60 5.39
W (meV) 102 97 72 85

N (Eg) cmPev? 8.76x10% 1.07x10% 3.42x10%° 1.8x10%
aR 59 56 4.2 4.9

n (cm®) 9.17 x 107 2.30 x 10 1.11 x 10*° 5.33 x 10%
u (cm?V-'sec-1) 2.55 3.38 9.75 4.07

p (Qcm) 2.66 0.80 0.05 0.28
Ry (m’CY) 6.81 2.71 0.56 1.17
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Hall effect measurements

The Hall resistivity (p) as a function of nanoparticle
concentration has been measured at room temperature. The
results are summarized in Table 2 along with Mott’s
parameters. The Hall coefficient (Ry) decreases by a factor
of ~10 on increasing metal concentrations from 0 to 1.0 %.
Carrier concentration (n) and mobility (i) increases at the
same rate as the decrease in Ry, towards higher gold particle
concentration. Electrical parameters, such as n and p
obtained from Hall measurements are of the same order as
is calculated by dc measurements, indicating confirmation
of the results obtained.

Dielectric constant and dielectric loss

The variation of the dielectric constant, ¢', and dielectric
loss, ¢”, versus frequency for pure Pani and different
Pani/Au nanocomposites is shown in Fig. 5. The dielectric
constant, ¢’, and dielectric loss, ¢”, have been calculated
from the measured values of capacitance (C) and
dissipation factor (tan 0) obtained from LCR meter using
the relations

R Cd (6)
Ag,
g'=¢g'tano (7

where, d and A is the thickness and area of the investigated
samples respectively, and gois the permittivity of free
space. It is evident from the plot that both ¢’ and &"
decrease with increased frequency.
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Fig. 5. Variation of dielectric constant with frequency of Pani (Sp) and
Pani/Au films (So30 and Sio). Inset shows frequency dependence of
dielectric loss factor of Pani (Sp) and Pani/Au films (Sp.s0and Sy).

The frequency dependence of &' and &" is due to the
interfacial polarization of the material. This polarization
arises essentially due to existence of polar and conductive
regions dispersed in an insulating matrix. The mobile
charges accumulate at the interfaces and there is formation
of large dipoles on metal particles or clusters. When the
applied field frequency is less, the electric dipoles adjust
according to the field direction and polarization increases.
Hence, ¢’ shows large values in low frequency regime [40].
However, at high frequencies, the variation of field is too
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fast that the dipoles can no longer pursue the applied field,
results in decrease in &’ It can be identified from Fig. 5
that the incorporation of gold NP’s enhances the dielectric
constant of the Spszp, and S;, samples dramatically in
comparison to Sy under the same conditions. The ¢” follows
the similar trend. The improved dielectric constant of
nanocomposite suggests its increased ability to store
electric potential energy under the impact of alternating
electric field.

AC conductivity
The ac conductivity oac can be obtained from &' and
tan o using the relation

Oac = weog ' tan & (8)

where, @=2rf is the angular frequency. The room

temperature frequency dependence of the ac conductivity of
So, So.30, and Sy is given in Fig. 6.
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Fig. 6. Frequency dependence of ac conductivity of Pani (Sp) and Pani/Au
films (30_30 and 81_0).

In the present study, the ac conductivity is analyzed by
the power law equation given by Pollock and Geballe [41]

S

O, XO 9)

where, s is the index used to understand the type of
conduction mechanism dominant in amorphous materials.
The value of s for given samples lie between 0.5 and 1. It
indicates a hopping mechanism is dominant in the given
samples. As shown in Fig. 6, the o, 0f Sg3 and S;q is
higher than that of S,. The following mechanism is
proposed for explaining the increase in o, of Pani with
introduction of gold nanoparticles. There is an electric field
induced charge transfer taking place between the Pani and
the gold nanoparticles [42]. When a sufficient electric field
is applied, the electron lone pair that resides on the imine
nitrogen of the Pani may gain adequate energy to overcome
the interface between the Pani and the Au nanoparticles and
shifted onto the gold nanoparticles (Scheme 1).
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Scheme 1. Schematic representation depicting charge transfer between
the polyaniline and gold nanoparticles in Pani/Au nanocomposites.

After losing a lone pair of electrons, the EB form of
Pani will become fully oxidised. At this state, the Pani film
will compose predominantly of quinoid groups and hence
S0 many imino moieties which may have earlier been
occupied are available for complex formation with the gold
nanoparticles. This may temporarily dope the film.
Therefore, the conductivity of nanocomposite will increase
dramatically. The homogenous dispersion of gold
nanoparticles in Pani (as shown in FESEM images)
additionally helps in improving the ac conductivity of
composite  materials.  Properly  dispersed  metal
nanoparticles increase electronic tunneling through gold
nanoparticles [43]. However conductivity decreases in
more heavily doped polyaniline films with gold
nanoparticles. This is because of the formation of
agglomerates due to self-binding property of gold
nanoparticles in polymer matrix at higher concentration,
which hinders the movement of electrons.

Conclusion

Self-standing films of Pani/Au nanocomposites have been
successfully synthesized using a physical process with
negligible risk of chemical contamination. Confirmation of
the presence of gold nanoparticles in polyaniline is
obtained by XRD and EDX. FTIR confirms that the
addition of gold nanoparticles does not change the
backbone structure of Pani. SEM analysis show
homogenous distribution of gold nanoparticles in the Pani
matrix with minor aggregation. The conductivity
measurement done at 80-350 K obeys the three dimensional
Mott’s variable range hopping among localized states for
non-interacting carriers. The conductivity of the samples
gets enhanced with introduction of metal fractions. The
parameters obtained directly from room temperature Hall
measurement are in good agreement with that of dc
measurements. The dielectric properties of nanocomposite
material are also enhanced with respect to pure Pani.
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