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INTRODUCTION

Conducting polymers are rapidly gaining attraction with
improved processable materials having unique electrical, electro-
chemical and optical properties [1,2]. Polymeric nanocompo-
sites (PNCs) containing nanosized metal oxides are under
extensive research, since they exhibit exciting characteristics
with unique applications such as quantum electronic devices,
magnetic recording materials, sensors, capacitors, smart windows,
toners in photocopying, conducting paints and rechargeable
batteries [3-7]. However, due to poor mechanical properties,
they cannot be processed easily [8-10]. By combining conduc-
ting polymers with metal oxide nanoparticles, one could produce
polymeric nanocomposites, the properties of which can be fine-
tuned depending on the composition of metal oxide in polymer
matrix. Nanocomposites of polyaniline (PANI) have been widely
studied [11-15] due to their unique electrical, dielectrical,
optical and optoelectrical properties.

Nanocomposites demonstrate significant improvements in
mechanical strength, toughness, electrical and thermal conduc-
tivity [16]. The combination of organic and inorganic precursors
makes it possible to enhance their thermal and chemical stabilities.
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The synthesis of polymeric inorganic composite has received
a great deal of attention because it provides new materials with
special mechanical, chemical, electrochemical and optical as
well as magnetic properties [17]. Various morphologies of poly-
aniline and its nanocomposites including nanowires [18], nano-
fibers [19], nanospheres [20] and nanosheets [21,22] have been
widely explored.

In this work, we report the thermal, magnetic and electrical
transport properties of the chemically synthesized and charac-
terized poly(2-nitroaniline), poly(2-nitroaniline-Fe2O3  and
poly(2-methylaniline-Fe2O3 nanocomposite. An attempt has
been made to understand and compare the influence of Fe2O3

on the magnetic properties, dielectric properties, impedance
and electrical conductivity of synthesized nanocomposite. The
frequency dependence of dielectric constant, dielectric loss,
imaginary modulus, real modulus and tan δ are discussed.
Complex impedance spectroscopic study was made for under-
standing the charge transport mechanism [23,24]. The freque-
ncy dependent conductivity and dielectric permittivity provide
information on the electronic transport mechanism. It reflects
the presence of disorder in the molecular structure of the mate-
rials and the process of electrical transport [24].
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EXPERIMENTAL

2-Nitroaniline, ammonium persulphate and sodium dodecyl
sulfate (SDS) surfactant were purchased from LOBA Chemic,
Qualigens and Avra Synthesis Pvt. Ltd., respectively. Fe2O3

(gamma) nanoparticles were purchased from SRL.
Characterization techniques: FT-IR measurements have

been carried out using IRAffinity-1 Fourier transform infrared
spectrophotometer (Shimadzu) in the wavenumber range 4000-
500 cm-1. The UV-visible analyses were carried out using Perkin-
Elmer Lambda double beam spectrophotometer in the wave-
length range 200-800 nm. XRD analyses were performed on
a Bruker AXS D8 advance using Cu as X-ray source at the
wavelength of 1.5406 Å of angular range from 3º to 135º.
Thermogravimetric analyses were carried out with a Perkin-
Elmer STA 6000 from room temperature to 700 ºC under inert
gas atmosphere. Dielectric constants were measured by NOVO
CONTROL technologies GmbH and Co, Germany. Electrical
conductivity measurements were made using German model
concept 80 in the frequency range from 10 Hz to 1 MHz at
room temperature. Z′′ versus Z′ complex impedance plots were
plotted for the nanocomposites and the bulk resistance (Rb)
was evaluated by analyzing the impedance data using ZSimp
Demo software. Vibrating sample magnetometer, LAKESHORE
VSM 7410 was used to study the magnetic properties.

in situ Chemical synthesis by oxidative polymerization:
Poly(2-nitroaniline) (P2NO2Ani), poly(2-nitroaniline)-Fe2O3

(P2NO2Ani/Fe2O3) and poly(2-methylaniline)-Fe2O3 (P2Me-
Ani/Fe2O3) have been chemically synthesized by in situ chemical
oxidative technique with ammonium persulphate as initiator,
hydrochloric acid as dopant and sodium lauryl sulphate (SDS)
as an emulsifier. 2-Nitroaniline (6.9 mL) was mixed with 0.1
M (1.44 g/50 mL) SDS in a glass beaker and stirred under ice
cold conditions. Ammonium persulphate (0.2 mol, 100 mL)
and HCl (1M , 100 mL) were taken in a separate beakers. The
acid and initiator were added dropwise to the monomer for a
period of 4 h with constant stirring. The mixture was stirred
for another 2 h, kept at 0 ºC overnight, filtered, washed with
deionized water and dried. The dried polymer was then suspen-
ded in 100 mL of deionized water and stirred on a magnetic
stirrer for 2 h. Filtered, washed with deionized water and finally
with few drops of methanol, dried and powdered. The Fe2O3

nanocomposites were also synthesized adopting the same proc-
edure by adding Fe2O3 nanoparticles along with the monomer
initially. The composites were soluble in DMSO, DMF and
partially soluble in toluene and chloroform. Table-1 presents
the yield percentage of the synthesized materials.

TABLE-1 
YIELD (%) OF THE NANOCOMPOSITES 

Polymer nanocomposites Yield (%) 
P2NO2Ani 58.32 

P2NO2Ani-Fe2O3 47.15 
P2MeAni- Fe2O3 94.40 

 
RESULTS AND DISCUSSION

FT-IR analysis: Infrared spectrum of P2NO2Ani (Fig. 1a)
shows absorption peaks around 3473 and 1340 cm-1 due to

-N-H and C-N stretching of the secondary amine, respectively.
The peaks at 1566 and 1496 cm-1 are assigned to the -C=C-
stretching frequencies of quinonoid and benzenoid rings and
can also be ascribed to asymmetric and symmetric stretching
vibration in NO2 group. The peak at 1166 cm-1 is due to the
electrical conductivity band [25].
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Fig. 1. FTIR spectra of  P2NO2Ani (a), P2NO2Ani-Fe2O3 (b) and P2MeAni-
Fe2O3 (c)

The C-H out of plane bending vibration of 1,2,4-tri substi-
tuted benzene rings appear around at 954 and 800 cm-1. The
band at 736 cm-1 corresponds to in-plane bending of C-NO2

[26]. The electrical conductivity band confirms the formation
of emeraldine salt form.

The spectrum of P2NO2Ani-Fe2O3 shows absorption peaks
at 3473 and 1338 cm-1 due to -N-H and C-N stretching of 2º
amine, respectively (Fig. 1b). The main peaks at 1568 and 1494
cm-1 correspond to quinone and benzene ring deformations,
respectively. The peak at 518 cm-1 is due to metal-oxygen stret-
ching vibration (Fe-O). It confirms the presence of Fe2O3 nano-
particles on the polymer chains. The peak at 1338 cm-1 is due
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to nitro group. The peaks at 972 and 866 cm-1 are characteristic
of 1,2,4-tri substituted aromatic rings. The peak at 1147 cm-1

is due to the electrical conductivity band. The peak at 734 cm-1

corresponds to in-plane bending of C-NO2 group.
The infrared spectrum of P2MeAni-Fe2O3 (Fig. 1c) shows

the absorption peaks around 3224 and 1301 cm-1 due to -N-H
and C-N stretchings, respectively. The peaks at 1579 and 1490
cm-1 are assigned to the -C=C- stretching frequencies of quino-
noid and benzenoid rings. The peak at 572 cm-1 confirms the
incorporation of Fe2O3 nanoparticles into the polymer chains.
The peak at 1145 cm-1 is due to the electrical conductivity band.
Moreover, the peaks at 3041 and 2918 cm-1 are due to asym-
metric and symmetric stretching vibrations of C-H bonds present
in methyl groups.

UV-Visible analysis: Fig. 2a shows the absorption
spectrum of P2NO2Ani dissolved in DMSO. The UV
absorption band at 210 nm is due to the π-π* transition. The
band at 290 nm is due to n-π* transition. The n-π* transition is
due to the transition of lone pair of electrons of nitrogen atoms
to an empty non bonding molecular orbital.

The absorption spectrum of nitroaniline composite is shown
in Fig. 2b. It shows major absorptions around 260 nm due to
π-π* transition on the polymer chains and the absorption
around 350 nm is due to the n-π* transition of quinonoid rings
and corresponds to the localization of electrons [27]. The polaron
band appears around 410 nm. When compared to p2NO2Ani,
p2NO2Ani-Fe2O3 nanocomposite absorbs at higher wave-
length. The red shift is observed in the polymer composite,
which confirms the encapsulation of ferric oxide nanoparticles.

The absorption spectrum of P2MeAni/Fe2O3 (Fig. 2c)
shows major absorptions around 260 nm due to π-π* transition
on the polymer chains and the absorption around 325 nm is
due to the n-π* transition of quinonoid rings and corresponds
to the localization of electrons [27]. The polaron band appears
around 445 nm.

XRD analysis: The XRD patterns of poly(2-nitroaniline)
polymer shows the sharp diffraction peaks due to the crystalline
nature (Fig. 3a). P2MeAni-Fe2O3 composite shows a broad
diffraction peak around at 2θ =25º and 43º due to the charac-
teristic peaks of emeraldine salt structure  (Fig. 3b) but the
composite exhibits amorphous nature.

Thermogravimetric analysis: The TGA of P2NO2Ani
shows three steps weight loss. The first weight loss is due to
loss of water and moisture  (Fig. 4a). The second weight loss
up to 250 ºC (5.659 % loss) is due to removal of dopant mole-
cules. The third step (2.965 %) decomposition of composite
takes place around 450 ºC. The polymer composite leaves some
char content (17.41 %), which is due to ferric oxide nanoparticles.

TGA of P2MeAni-Fe2O3 nanocomposite also exhibits a
three-steps weight loss. At first, a weight loss (8.738 %) is due
to loss of water and moisture which takes place around 100 ºC.
The second weight loss upto 575 ºC, (44.41 %) is due to the
removal of dopant molecules. In the third step, weight loss of
5.266 % is due to decomposition of composite  (Fig. 4b).

Integral procedural decomposition temperature (IPDT) is
a useful parameter for assessing the overall thermal stability
of the polymers during the decomposition process. The area
was calculated using the following equations:
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Fig. 2. UV-Visible spectra of P2NO2Ani (a), P2NO2Ani-Fe2O3 (b) and P2MeAni-Fe2O3 (c)
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where A is the area ratio of total experimental curve defined
by the total TGA thermogram, K is the coefficient, Ti and Tf

are the initial and final experimental temperatures, respectively
in ºC. The oxidation index (OI) was calculated from the weight
of carbon residue, which is related to flame retardant capacity
of composites [28] and the values are tabulated in Table-2.

OI × 100 = 17.5 × 0.4 CR

The P2MeAni-Fe2O3 nanocomposite is thermally more
stable than pNO2Ani, where sulphonate anions give more rigidity
to the polymer chains that resists the thermal degradation.

TABLE-2 
IPDT AND OI VALUES OF THE  

POLYMER AND NANOCOMPOSITES 

Polymer/nanocomposite IPDT OI 
P2NO2Ani 416 0.0293 

P2MeAni-Fe2O3 473 0.0614 

 
Electrical transport properties: Total electrical conductivity

(σ) values have been calculated using the formula, σ = t/RbA
where t is the thickness of pellet, A is the area covered by silver
electrodes in contact with the material and Rb is the bulk resis-
tance of material. The ZSimp Demo software has been used to
get the value of bulk resistance from the intercept on the real
axis at the high frequency portion of Nyquist plots. The electrical
conductivity values are tabulated in Table-3.

TABLE-3 
ELECTRICAL CONDUCTIVITY VALUES OF  

THE POLYMER AND NANOCOMPOSITE 

Polymer/ 
nanocomposite 

Thickness Rb 
Conductivity 

(S cm-1) 
P2NO2Ani 0.94 7.20 × 105 1.66 × 10-6 

P2MeAni-Fe2O3 0.77 8.23 × 105 2.66 × 10-6 

 

At high frequencies, these plots exhibit semi-circular arcs
due to the bulk properties. The conductivity values are of the
order of 10-6 in the semiconducting range.

Dielectric properties: Fig. 5 shows the plot of dielectric
constant versus frequency. The dielectric constant of P2MeAni
Fe2O3 decreases with increase in frequency in the low frequency
region due to electrical relaxation process. High dielectric permit-
tivity at low frequency region is due to space charge polari-
zation due to the presence of free charges at the interface [29].
At high frequencies, dielectric constant is independent of freq-
uency as it remains almost constant. At low frequency there is
a strong frequency dispersion of permittivity and above 3 Hz
it is independent of frequency. In case of P2NO2Ani, dielectric
constant is independent of frequency which is attributed due
to electron withdrawing nature of nitro group, which decreases
the electron density along the polymer chain.
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Dielectric loss is a measure of energy dissipated and gene-
rally comprises of the contribution from ionic transport as well
as polarization of a charge or dipole. In Fig. 6, dielectric loss
is high in -CH3 substituted polyaniline nanocomposite due to
free charge motion within the material, a phenomenon leading
to conductivity relaxation [30]. Dielectric loss decreases with
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Fig. 6. Plots of dielectric loss with frequency

increases in frequency upto 2 Hz. This is due to the free move-
ment of the charges in polymer matrix. On increasing the
frequency upto 6 Hz, there is no change in dielectric loss as it
almost remains constant. In P2NO2Ani polymer, dielectric loss
is independent of frequency.

The variation of dielectric modulus, real and imaginary
parts with frequency are given in Fig. 7, respectively. The real
part of modulus spectra increases with increasing frequency.
The imaginary part of dielectric modulus spectra increases up
to a certain frequency followed by decreasing trend with incre-
asing frequency. In this case, electrode polarization/interfacial
polarization effect is seen to be completely vanishing in contrast
to the dielectric formalism. The appearance of a peak in imagi-
nary part of the dielectric modulus in P2NO2Ani can be assumed
to be related with the translation ionic dynamics and the
conductivity relaxation of the mobile ions [31].

Fig. 8 shows the plot of tan δ with frequency. In P2MeAni
/Fe2O3 tan δ increases with increase in frequency upto 2 Hz
due to the presence of relaxing dipolar. When frequency greater
than 2 Hz is applied tan δ does not vary much with frequency
and this is attributed to non-relaxation dipole. A frequency
independent behaviour is observed in p2NO2Ani polymer.

Magnetic properties: In order to investigate the magnetic
properties of P2MeAni-Fe2O3 composite, a VSM analysis was
also performed (Fig. 9). P2MeAni-Fe2O3 nanocomposite exhi-
bits hysteresis loop and hence it is ferromagnetic. The magnetic
saturation is seen at 0.75 emu/g.
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Conclusion

in situ Chemical oxidative polymerization was performed
in the presence of host material, Fe2O3 to synthesize P2NO2Ani-
Fe2O3 andP2MeAni-Fe2O3 nanocomposites. The NO2 substi-
tuted polymer was also prepared. Spectroscopic results confirm
the inclusion of Fe2O3 nanoparticles into the -NO2 and -CH3

substituted polyaniline chains. Thermogravimetric results
confirmed the thermal stability of the nanocomposites. The
conductivities as measured by four probe technique were of
the order of 10-6 S cm-1. The conductivity values are in the range
of semiconductors. These materials will have a significant role
to play as energy storage devices.
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