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ABSTRACT: Novel nanocomposites of polyaniline dis-
persed with y-Fe,O; nanoparticles were prepared by the in
situ polymerization of aniline in the presence of ammonium
peroxysulfate as an oxidizing agent. Dielectric constants of
the derived composites varied with the composition of
v-Fe,O; present in the matrix. A maximum dielectric con-
stant of ~5500 was achieved when 10 mass % 7y-Fe,O,
nanoparticles were present. Nanocomposites were charac-
terized by X-ray diffraction, Fourier transform infrared,
scanning electron microscopy, and thermal analytical tech-

niques. Conductivity increased marginally by increasing the
amount of y-Fe,O; in the matrix. Dielectric constants in-
creased 100-150 times compared to plain polyaniline matrix
and were 20-40 times higher than that of y-Fe,O5; nanopar-
ticles. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 97:
1868-1874, 2005
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INTRODUCTION

Recently, polymeric nanocomposites (PNCs) contain-
ing metal oxides have attracted a great deal of interest
from researchers because they frequently exhibit un-
expected hybrid properties synergistically derived
from both components.? The control and design of
characteristic structural features on the nanometer
scale impart them with tailored properties for diverse
applications.® Researchers have attempted to enhance
the desired properties of PNCs and, thus, to extend
their utility by reinforcing them with nanoscale mate-
rials to derive improved properties compared to the
more conventional particulate-filled microcompos-
ites.* Thus, PNCs containing nanosized metal oxides
have been extensively studied since they exhibit inter-
esting properties with many applications such as
quantum electronic devices, magnetic recording ma-
terials, sensors, capacitors, smart windows, toners in
photocopying, conducting paints, and rechargeable
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batteries.”® However, due to poor mechanical prop-
erties of the many conducting polymers, they could
not be processed easily.'’'? By combining conducting
polymers with metal oxide nanoparticles, one could
produce PNCs, the properties of which can be tuned
depending upon the composition of metal oxide in the
polymer matrix. Nanocomposites of polyaniline
(PANI) have been widely studied"'*'® in view of
their unique electrical, dielectrical, optical, and opto-
electrical properties in addition to their ease of prep-
aration and excellent environmental stability.
Previously, we have reported'” the nanocomposites
of poly(methyl methacrylate) by dispersing with vary-
ing amounts of y-Fe,O; nanoparticles, but these PNCs
exhibited good thermal properties with low dielectric
constants. Development of high dielectric constant
PNCs has been a major challenge of integral capacitor
technology.®'® High dielectric constant PNCs are be-
ing continuously explored by the electronics indus-
tries in response to the need for power-ground decou-
pling to secure integrity of high-speed signals with
the reduced electromagnetic interference radiated
noise.'”?° Ceramic PNCs with dielectric constant up to
150 are of great interest as embedded capacitor mate-
rials because they combine the processability of poly-
mers with the high dielectric constant of ceramics.****
Some novel PNCs of epoxy and lead magnesium nio-
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bate-lead titanate have been reported® with a dielec-
tric constant value of 110. High dielectric constant
ceramics employed to develop PNCs have been de-
rived by the impregnation of niobates, titanates, zir-
conia (ZrO,), tantalum oxide (Ta,Os5), aluminum oxide
(AL O,), etc. However, the interface adhesion between
ceramics and polymer matrix is poor, especially when
ceramic loading is high.***>

Over the past decades, polyaniline (PANI) has
emerged as one of the most promising organic con-
ducting polymers, owing to its high polymerization
yield and good chemical stability combined with mod-
erate electrical conductivity and relatively low
cost.26728 Nevertheless, some studies have indicated
that PANI and PANI/polymer blends are capable of
enhancing dielectric constant up to 104 in a partially
crystalline PANL'* The present investigation reports a
simple, yet elegant method to prepare PNCs using
PANI that could exhibit very high dielectric constant.
In this method, PANI was dispersed with 2, 5, and 10
mass % y-Fe,O; nanoparticles during in situ polymer-
ization of aniline in the presence of ammonium per-
sulfate, (NH,),5,0g, as an oxidant. PNCs thus pre-
pared were characterized by X-ray diffraction (X-RD),
Fourier transform infrared (FTIR), scanning electron
microscopy (SEM), and thermal analytical techniques.
Conductivity increased marginally by increasing the
amount of y-Fe,O; in the polymer matrix, but dielec-
tric constants increased 100-150 times compared to
the plain PANI and 20-40 times compared to y-Fe,O;.
PNCs of this study can have potential applications as
capacitors.
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Figure1 X-RD tracings of (a) pure y-Fe,O;, (b) PANI-2, (c)
PANI-5, (d) PANI-10, and (e) PANI-0 nanocomposites.
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Figure 2 FTIR tracings of (a) PANI-2, (b) PANI-5, and (c)
PANI-10 nanocomposites.

EXPERIMENTAL PROCEDURES
Synthesis of y-Fe,O; nanoparticles

v-Fe,O3 nanoparticles were prepared by the combus-
tion route as described earlier.?>?° In brief, ferric
acetylacetonate was mixed with polyethylene glycol
(PEG-4000) in a mass ratio of 1 : 5 and ground to a fine
powder in a mortar with a pestle. The resulting solid
was taken in a crucible and heated in air. Initially,
polyethylene glycol was melted, frothed, and finally
ignited to form y-Fe,O; Upon cooling to room tem-
perature, no traces of carbon impurities were left in
the final residue of y-Fe,O;.

Preparation of y-Fe,O;-PANI nanocomposites

In a typical procedure, 2 mL of aniline was dissolved
in 100 mL of 1 M HCI cooled to 0°C. About 2.3 g of
(NH,),S,04 in 100 mL of 1 M HCI was added to the
reaction mixture along with 2, 5, or 10 mass % y-Fe,O;
nanoparticles. The mixture was stirred vigorously for
30 min and allowed to stand for 60 min. The resultant
product was filtered, washed thoroughly with water,
and dried at 40°C until constant weight. The solution
was made basic by adding ammonia until the change
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in color was from green to blue and kept overnight
with stirring, filtered, and dried. The PNCs thus ob-
tained were designated PANI-0 (for plain PANI),
PANI-2, PANI-5, and PANI-10 for 2, 5, and 10 mass %
containing y-Fe,O; nanoparticles, respectively.

Characterization of PNCs

The powder X-RD patterns were recorded on a Jeol
JDX-8P diffractometer using CoK, radiation (A
=1.7901 A) at 30 kV. FTIR spectra were recorded on
a Perkin-Elmer (Model No. 1000) spectrophotome-
ter. Thermogravimetric analysis (TGA), differential
thermal analysis (DTA), and differential scanning
calorimetry (DSC) experiments were performed us-
ing Perkin-Elmer instruments. TGA and DTA data
were obtained at a heating rate of 10°C/min under
a static air atmosphere, while DSC experiments
were carried out under a nitrogen atmosphere. SEM
were taken on a Leica instrument (Model No. 440,
Cambridge, UK). Dielectric measurements were
taken on a HP-4192A impedance analyzer. Conduc-
tivity data were collected using a multimeter on
pressed 1-cm pellets.

RESULTS AND DISCUSSION
X-ray diffraction

The X-ray diffraction patterns of plain vy-Fe,Oj
nanoparticles, nanocomposites of PANI with vary-
ing amounts of y-Fe,Oj, i.e., PANI-2, PANI-5, and
PANI-10, and plain PANI are compared in Figure
la, b, ¢, d, and e, respectively. A sharp peak ob-
served for y-Fe,O; particles is due to its highly
crystalline nature. However, after the addition of
v-Fe,O; nanoparticles into PANI during polymer-
ization, high-intensity peaks were masked due to
the overwhelming amorphous nature of PANI,
thereby masking the sharp peaks observed due to
the crystalline nature of y-Fe,O5; nanoparticles. This
also confirms the uniform molecular level disper-
sion of y-Fe,O5; in PANI, which is responsible for a
decrease crystallinity of y-Fe,O; particles upon dis-
persion into the PANI matrix.

FTIR studies

FTIR studies were carried out to confirm the possible
chemical interactions between y-Fe,O; and PANI. As
can be seen in Figure 2a—c, FTIR spectra of PANI-2,
PANI-5, and PANI-10 are nearly identical, indicating
no chemical interactions. The characteristic peaks ob-
served for plain PANI?! are identical to those of PNCs,
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Figure 3

SEM micrographs of (a) low-resolution and (b)
high-resolution PANI-2 nanocomposites.

further confirming no chemical interactions between
vy-Fe,O5 and PANL

Morphological studies

The physical appearance of y-Fe,O; loaded PANI
was pale green to brownish-green depending upon
the amount of y-Fe,O; present. SEM micrographs of
PANI-2 at low and high resolutions are displayed in
Figure 3a and b, respectively. Particle size of PNCs
as determined®® by transmission electron micros-
copy varied between 25 and 100 nm for plain
v-Fe,O;. SEM micrographs of different PNCs did
not show much variation and, hence, we have dis-
played typical SEM photographs of the PANI-2 ma-
trix. It is worth mentioning here that when y-Fe,O4
nanoparticles were added to the reaction mixture,
the polymerization reaction was much faster than
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Figure 4 TGA/DTA tracings of (a) PANI-0, (b) PANI-2, (c) PANI-5, and (d) PANI-10 nanocomposites.

the normal polymerization of aniline. This suggests
that iron may act as a catalyst to foster the reaction.
It may be noted that the time taken for complete
polymerization in the presence of y-Fe,O; nanopar-
ticles is one-third the time required in the absence of
iron oxide particles. Also, the color change observed
during polymerization in the presence of y-Fe,O,
was dark green to brownish-green, while it was
green to dark green when polymerization was car-
ried out in the absence of y-Fe,O;.

Thermal analysis

TGA and DTA thermograms of the plain PANI and
those of PANI-2, PANI-5, and PANI-10 nanocom-
posites are displayed in Figure 4a, b, ¢, and d,
respectively. The TGA curve for plain PANI showed
a rapid decomposition from about 100 until about
500°C. DTA curves showed endothermic peaks
around 100°C, while exothermic peaks were ob-
served around 370-400°C. The initial weight loss

observed in the TGA experiment and endothermic
peaks could be attributed to the loss of moisture in
PNCs. However, with increasing amounts of
v-Fe,O;, the decomposition temperature shifted to a
higher value, indicating increased thermal stability
of the PNCs. The DSC analysis presented in Figure
5a, b, and ¢, respectively, for PANI-2, PANI-5, and
PANI-10 nanocomposites showed broad endother-
mic peaks around 300°C for PANI-2 and PANI-5,
while for PANI-10 an exothermic peak was ob-
served around 300°C with a sharp endothermic
peak at about 250°C. Thermal analytical data indi-
cated that thermal stability of PNCs decreased with
increasing amount of y-Fe,Oj.

Room temperature conductivity

Room temperature conductivity data presented in Fig-
ure 6 for the plain PANI as well as PANI-2, PANI-5,
and PANI-10 samples showed only a marginal in-
crease with increasing amounts of y-Fe,O;. This might
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Figure 5 DSC tracings of (a) PANI-2, (b) PANI-5, and (c)

PANI-10 nanocomposites.

be due to the ferromagnetic nature of y-Fe,O,;, which
might cause an internal magnetic field, thereby in-
creasing the conductivity.**>*

Dielectric constant

To understand the dielectric behavior of PNCs devel-
oped in this study, we have investigated the variation
of dielectric constant, g, and dielectric loss, tan 8, with
frequency. Figure 7a shows the variation of & with
frequency (ranging from 10 to 107 kHz). Plain PANI
showed a steep decrease from its initial dielectric con-
stant of 18 at 10> Hz to 5 at 10* Hz and thereafter it
remained constant. The decrease in € was quite dra-
matic in the frequency range from 2.5 X 10 to 10° Hz
and thereafter the decrease in ¢ was slow. Tan 6 also
had a similar trend. Initially, tan 6 = 8, which was
changed to 0 at 10" Hz. Such values of € and tan § are
in general agreement with the nonconducting type
PANI samples.

As shown in Figure 7b, dielectric constants de-
creased sharply from about 3500 at 10> Hz to 200 at 10°
Hz and afterward remained almost constant. The tan &
values showed an initial value of 3 at 10*> Hz and
remained constant at 2.8 10° Hz; thereafter the de-
crease in tan & was slow, reaching 0 at 10’ Hz. Figure
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7c and d exhibits almost similar trends. We could
observe a dramatic increase in & from ~35 for PANI-0
and ~200 for pure y-Fe,O; to ~3500 for PANI-2,
~4000 for PANI-5, and ~5500 for PANI-10 samples.
These values are 20—40 and 100-150 times higher than
those observed for plain y-Fe,O; and PANI-0, respec-
tively. This type of very high increase in ¢ could be
attributed to high packing density of y-Fe,O; nano-
particles in PANI.

A steep decrease in dielectric constant, close to
that of plain y-Fe,O;, suggests that polarization di-
electric might have been lost and the polymer is in a
higher reduced state due to the presence of hydro-
gen atoms. These hydrogen atoms could participate
in the partial reduction of Fe®* ions in an octahedral
position of y-Fe,O, particles, thereby creating Fe*
and Fe®" ions. Thus, reduction of Fe** ions might
have increased at higher frequency, thereby produc-
ing the possible intermediate compositions® like
Feg’*[Fe,”" H,_,, Fe;,° "]O;,. Such y-Fe, O, particles
having an intermediate composition would contain
Fe?" ions, which would also contribute to a decrease
in dielectric constant. It can be understood from the
earlier study® that conductivity increased in the
presence of Fe?* ions through a hopping mecha-
nism, further suggesting that y-Fe,O; nanoparticles
might have undergone a change from pure vacancy

ordered +y-Fe,O; to an intermediate form,
Feg’ " [Fe,”" H, 5, Fe;,°"]0;,.
CONCLUSIONS

PNCs were prepared by incorporating different
amounts of y-Fe,O; nanoparticles into a PANI ma-
trix. These materials exhibited high dielectric con-
stants that increased with increasing amount of
v-Fe,O;. The X-RD data suggested a uniform dis-
persion of y-Fe,Oj; in all matrices. The addition of

In (1/5)/S.cm™

0 2 4 6 8 10
Mass % of y-Fe,O3

Figure 6 Conductivity versus mass % y-Fe,O; loaded in
nanocomposites.
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Figure 7 Dielectric constant and dielectric loss (room temperature) versus frequency for (a) PANI-0, (b) PANI-2, (c) PANI-5,

and (d) PANI-10 nanocomposites.

v-Fe,O; into the PANI matrix increased conductiv-
ity only marginally, but the increase in dielectric
constant with very low dielectric loss was quite
considerable. The PNCs developed in this study
may be useful as capacitors. However, more de-
tailed studies on mechanical and magnetic suscep-
tibility measurements of the PNCs are in progress
and these will be reported in future articles.

This work represents collaborative efforts among Karnatak
University, University of Texas at Dallas, UT Southwestern
Medical Center at Dallas, and Gulbarga University. Results
of this study represent part of the Ph.D. work undertaken by
N. N. Mallikarjuna.
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