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Poly(3-pyrrol-1-ylpropanoic acid) (PPyAA)-Fe;04 nanocomposite was successfully synthesized by an
in situ polymerization of 1-(2-carboxyethyl) pyrrole in the presence of synthesized Fe304 nanoparti-
cles. Evaluation of structural, morphological, electrical and magnetic properties of the nanocomposite
was performed by XRD, FT-IR, TEM, TGA, magnetization and conductivity measurements, respectively.
XRD analysis reveals the inorganic phase as Fe304 and TGA shows about 90 wt% loading of Fe;04 in
the nanocomposite. FT-IR analysis indicates a successful conjugation of Fe;04 particles with polypyrrole

Iézﬁvgzszng polymer acetic acid. Magnetization measurements show that polypyrrole acetic acid coating decreases the satura-
Fes04 tion magnetization of Fe; 04 significantly. This reduction has been explained by the pinning of the surface
Nanocomposite spins by the possible adsorption of non-magnetic ions during the polymerization process. The conduc-
Magnetization tivity and dielectric permittivity measurements strongly depend on the thermally activated polarization

mechanism and thermal transition of PPyAA in the nanocomposite structure. Large value of dielectric
permittivity (&') of the nanocomposite at lower frequency is attributed to the predominance of species

Dielectric properties
a.c./d.c. conductivity

like Fe?* ions and grain boundary defects (interfacial polarization).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade, many authors became interested in magnetic
nanopowder-reinforced polymer composites because magnetic
nanoparticles have shown great potential for applications, includ-
ing aircraft, spacecraft, magnetic hard disks, and the magnetic bars
of credit card. These applications can take advantage of both the
magnetic properties and wear properties of these compositions
[1,2].

Conducting polymers have attracted considerable attention
for their potential applications in various fields such as elec-
tromagnetic interface (EMI) shielding [3], rechargeable batteries
[4], electrodes and sensors [5], corrosion protection coatings [6],
and microwave absorption [7]. Recently, many efforts have been
devoted to fabricating magnetic and conductive composites with
core-shell structure.

Major advancements are achieved in synthesis and characteri-
zation of conducting polymeric matrices with embedded magnetic
nanoparticles which constitute an important class of nanostruc-
tures [8-11]. These nanostructures/nanocomposites exhibit novel

* Corresponding author. Tel.: +90 212 866 33 00x2070; fax: +90 212 866 34 02.
E-mail address: hbaykal@fatih.edu.tr (A. Baykal).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2011.06.002

physical properties owing to the nanoscale confinement of the
magnetic constituents, abundance of interfaces, and extent of dis-
persion of fine particles within nonmagnetic polymer matrices.

Since nanocomposites often exhibit improved chemical and
physical properties over their single-component counterparts, in
order to realize the full potential of technological applications of
inorganic nanomaterials and conducting polymers, a large num-
ber of articles have been published reporting on the polymeric
nanocomposites i.e., salicylic acid, aminoacids, polypyrrole com-
posites containing Fe3 04 nanoparticles [12-20].

Recently, many studies of magnetic, electrical and ferromag-
netic properties of conducting polymer composites have received
increasing attention, and studies on this kind of composites have
become one of the most active and promising research areas
[21-23]. What makes conducting polymer composites so attractive
is their potential applications in batteries [24], electro-chemical
display devices [25], molecular electronics [3], electrical-magnetic
shields, and microwave-absorbing materials [26]. It is well-known
that conducting polymers can effectively shield electromagnetic
waves generated from an electric source, whereas electromag-
netic waves from a magnetic source can be effectively shielded
only by magnetic materials. Thus, the incorporation of magnetic
constituents and conducting polymeric materials into multifunc-
tional composites opens new possibilities for the achievement
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Fig. 1. FT-IR spectra of (a) Fe304, (b) PPyAA-Fe304 nanocomposite, (c) PPyAA and (d) suggested linkage of PPyAA acid to iron oxide surface.

of good shielding effectiveness for various electromagnetic
sources [27,28].

In this work, we reported on the synthesis of Fe304 and its
composite formation with conducting polymer poly(3-pyrrol-1-
ylpropanoic acid) (PPyAA). This is the first report on the synthesis
of such nanocomposite materials. Its magnetic and electrical prop-
erties were evaluated and detailed results are presented.

2. Experimental
2.1. Chemicals

The raw materials were analytical grade of 1-(2-cyanoethyl) pyrrole (Py-CN),
KOH, HCl, APS, FeCl3-2H,0, FeCl,-4H, 0 (Merck) and were used as-received, without
further purification.

2.2. Chemicals and instrumentation

X-ray powder diffraction (XRD) analysis was conducted on a Rigaku Smart Lab
operated at 40 kV and 35 mA using Cu K, radiation.

Fourier transform infrared (FT-IR) spectra were recorded in transmission mode
with a Perkin Elmer BX FT-IR infrared spectrometer. The powder samples were
ground with KBr and compressed into a pellet. FT-IR spectra is in the range of
4000-400cm™".

Transmission electron microscopy (TEM) analysis was performed using FEI Tec-
nai G2 Sphera microscope. A drop of diluted sample in alcohol was dripped on a
TEM grid and dried prior to insertion to TEM column.

The thermal stability was determined by thermogravimetric analysis (TGA,
Perkin Elmer Instruments model, STA 6000). The TGA thermograms were recorded
for 5 mg of powder sample at a heating rate of 10 °C/min in the temperature range
of 30-800 °C under nitrogen atmosphere.

VSM measurements were performed by using a Quantum Design Vibrating sam-
ple magnetometer (QD-VSM). The sample was measured between 410 kOe at room
temperature (25°C).

The electrical conductivity of the PPyAA-Fe304 nanocomposite was studied in
the temperature range of 20-120°C with a heating rate of 10 °C/s. The sample was
used in the form of circular pellets of 13 mm diameter and 3 mm thickness. The pel-
lets (both nanocomposite and pristine) were sandwiched between gold electrodes
and the conductivities were measured using Novocontrol dielectric impedance ana-
lyzer in the frequency range 1 Hz-3 MHz, respectively. The temperature (between
—100 and 250°C) was controlled with a Novocool Cryosystem.

2.3. Procedure

2.3.1. Synthesis of poly(3-pyrrol-1-ylpropanoic acid) (PPyAA)

In a typical procedure, a certain amount of 1-(2-carboxyethyl) pyrrole monomer
was added to 35 ml of 0.5M HCI solution, then sonicated in an ultrasonic bath for
120minat0°C.Then 3.5 g of APS in 20 ml of 0.5 M HCl solution was added drop-wise
to the above mixture. The composites were obtained by filtering and washing the
reaction mixture with deionized water and ethanol, afterwards dried under vacuum
at 50°C for 24 h.

2.3.2. Synthesis of PPyAA-Fes04 nanocomposite

The stoichiometric amount of Fe(IIl) and Fe(II) salts was dissolved in minimum
amount water and then solution was kept at a constant temperature of 40°C for
15 min under vigorous stirring.

Then a certain amount of prepared PPyAA and solution of sodium hydroxide was
added to the above mixture till the pH was raised to 11 at which a black suspen-
sion was formed. This suspension was then refluxed at 80 °C for 6 h, under vigorous
stirring and Ar gas. PPyAA-Fe304 nanocomposite was separated from the aqueous
solution by magnetic decantation, washed with distilled water several times and
then dried in an oven overnight.

3. Results and discussion
3.1. FT-IR analysis

Fig. 1 shows the typical FT-IR spectrum of Fe304 NPs,
PPyAA-Fe304 nanocomposite, PPyAA and suggested linkage of
PPyAA to iron oxide surface respectively. As can be seen from
Fig. 1(a), magnetite powder has metal-oxygen band, vy, observed
at 590 cm~! which corresponds to intrinsic stretching vibrations of
the metal at tetrahedral site (Fetetra <> O), whereas metal-oxygen
band observed at 445cm™!, v,, is assigned to octahedral-metal
stretching (Feocta <> O) [29]. In the spectrum for PPyAA presented
in Fig. 1(b), two sharp bands at 2924cm~! and 2854cm~! were

311

(c)

CPS (a.u.)

20 30 40 50
260 (deg.)

Fig. 2. XRD powder pattern of (a) PPyAA-Fe304 nanocomposite, (b) pure magnetite
and (c) PPyAA.
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Fig. 3. (a and b) TEM micrographs of PPyAA-Fe;04 nanocomposite at different magnifications and (c) histogram representing the size distribution of Fe304 NPs in the

nanocomposite.

attributed to asymmetric and symmetric CH, stretching vibrations,
respectively. In the spectrum of PPyAA-Fe304 nanocomposite, pre-
sented in Fig. 1(c), the asymmetric and symmetric CH, stretching
vibrations shifted to 2922 and 2852 cm™!, respectively. For both
PPyAA and nanocomposite, the intense peak at 1700cm~! was
derived from the existence of the C=0 stretching band [30,31].
On the basis, as was argued by Bronswijk et al. [32,33], when
the carboxylate group is directly involved in adsorption it is pos-
sible to discriminate between monodentate, bidentate chelating,
and bidentate bridging structures. In the monodentate structure,
the higher of the two carboxylate frequencies occurs at around
1680 cm~! and is indicative of significant C=0 character. Therefore,
the presence of C=0 peak in the FT-IR spectrum of nanocomposite
indicates the monodentate chelation as shown in Fig. 1(d).

3.2. XRD analysis

Crystalline phases that are present in the final material were
identified by XRD. Amorphous structure of PPyAA is shown in
Fig. 2(c). The resultant pattern is given in Fig. 2(a) which indicates
that the product is magnetite, Fe304 (Fig. 2(b)). All of the observed
diffraction peaks are indexed by the cubic structure of Fe304 (JCPDS
no. 19-629). The broadening of the diffraction peaks rather indi-
cates nano-crystalline features of the product. To determine the
crystallite size of the sample, the XRD profile was fitted accord-
ing to Eq. (1) in Wejrzanowski et al. [34] and Pielaszek [35] which
allows the estimation of average crystallite size and its standard
deviation from XRD. The experimental line profile, shown in Fig. 2,
was fitted for six peaks with hk! indices of (220), (311), (400),
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Fig. 4. TGA thermograms of (a) Fe304 nanoparticles, (b) PPyAA-Fe304 nanocom-
posite and (c) PPyAA.

(422),(511), and (440). The calculated average crystallite size,
Dxrp, is 11 +4nm.

3.3. TEM analysis

TEM micrographs of PPyAA-Fe304 nanocomposite with dif-
ferent magnifications are shown in Fig. 3(a) and (b). The size
distribution diagram is presented in Fig. 3(c). Fe304 particles are
observed to have spherical morphology and are agglomerated due
to the polymer coating. Size distribution histogram is obtained by
measuring at least 150 nanoparticles and is fitted by using a log-
normal function [36]. An average size, Drgmjiog-normal, Of 1443 nm
was obtained for magnetite nanoparticles. Crystallite size obtained
from XRD line profile fitting versus particle size estimated from
TEM is very similar.

3.4. Thermal analysis

Thermal gravimetric analysis of iron oxide nanoparticles, PPyAA
and PPyAA-Fe304 nanocomposite was performed to investigate
the stability of composite and to confirm the interaction between
Fe304 nanoparticles and PPyAA. No considerable weight loss was
observed for Fes04 NPs (Fig. 4(a)). PPyAA exhibits three step
decomposition; the first one around 230°C due to the removal of
adsorbed water with ~10wt% loss. The second step decomposi-
tion starts from 320°C and goes up to 400°C (inset graph) with
about 30% loss (Fig. 4(c)). The third step was the continuation of
decomposition of PPyAA which was not completed in the working
temperature range.

Thermogram of PPyAA-Fe3;04 nanocomposite is shown in
Fig. 4(b) with a significant weight loss between the temperature
50°C and 750°C (inset graph). The weight loss is about 10% due
to combustion of polymer in the structure of nanocomposite. TG
analysis showed the presence of 10% PPyAA around 90% magnetic
core (Fe30y4).

3.5. Magnetization

M-H hysteresis curves of bulk magnetite and PPyAA-Fe30,
nanocomposite, measured at room temperature, are shown in
Fig. 5. It was observed that both composite and the bulk material
do not reach to saturation at high fields up to 15 kOe. Besides, there
is no measurable coercivity in either of the samples.

The specific saturation magnetization (Ms) of the samples is
determined from M versus 1/H curves (M at 1/H>0) as 63.5 emu/g
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Fig.5. M-H hysteresis curves of (a) PPyAA-Fe304 nanocomposite, (b) PPyAA-Fe304
with normalized mass, (c) bulk magnetite (M) measured at room temperature and
(d) Langevin Fit (-).

and 13emu/g for the bulk and composite, respectively. Here,
we should note that magnetization of the composite sample
should be normalized to the mass of the magnetic core. Accord-
ing to the TGA histogram of the composite sample, nearly 90% of
the total mass corresponds to that of the magnetite. Therefore,
normalized saturation magnetization of the composite becomes
21.7 emu/g that is still far from the theoretically determined mag-
netization of bulk magnetite that is 92 emu/g [1,37]. Thus, above
observations imply that Fig. 5. reveals characteristic feature behav-
ior of superparamagnetic (SP) particles with grain sizes smaller
than 20 nm.

Reduced magnetization is often observed in SP magnetite par-
ticles [2,12,38-40] and explained by spin canting and presence
of disordered spins at the surface [2,12,36,39,40]. As particle size
decreases, effect of surface spins to the overall magnetization
increases due to the presence of a considerably high fraction of
all spins on the surface. In addition to spin canting and pres-
ence of disordered spins at the surface, adsorption of surfactant
molecules to the surface of magnetite particles can be another
reason of the low magnetization values in the nanocomposites.
We have observed in our previous works [2,12,41] and in this
study, surfactant molecules are bound to the surface over oxy-
gen atoms that is revealed from the FT-IR analysis results. As a
result, the super-exchange interaction between Fe and O atoms
(Fe-0) (superexchange (or Kramers-Anderson superexchange) is
the strong (usually) antiferromagnetic coupling between two next-
to-nearest neighbor Fe cations through a non-magnetic anion
(0%7)) gets weaker because of some spins of the pinned oxygen
atoms which are close to the surface (i.e., their contribution to
the magnetization is cancelled). Then, overall magnetization of the
nanocomposite decreases.

Room temperature magnetization curves can be used to cal-
culate average particle size of the nanocomposites with an
assumption that they are weakly or non-interacting SP parti-
cles. Langevin function, which describes the magnetization of SP
particles, should be fit to the measured M-H hysteresis curves. The-
oretical fitting gives us mean magnetic moment (1t ) of particles that
is used to determine average particle size (D) using the relation
u=MsmpD3/6. In this way, we have determined mean magnetic
moment of the bulk magnetite as 9.856u45 that gives the average
particle size of this material as 8.23 + 1 nm. This estimated mag-
netic core size is smaller than the crystallite size which confirms
the presence of magnetically dead layers on the nanoparticles due
to nanocomposite formation.
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Fig. 6. The variation of a.c. conductivity of (a) PPyAA-Fe304 nanocomposite and (b)
pristine PPyAA as a function of frequency and temperature.

3.6. Temperature and frequency dependent conductivity and
dielectric permittivity measurements

The frequency and temperature dependent alternating current
(a.c.), direct current (d.c.) conductivity and dielectric permittiv-
ity properties of both pristine poly[1-(2-carboxyethyl)pyrrole]
(PPyAA) and PPyAA-Fe304 nanocomposite are discussed here and
the related figures were given in the following sections in detail.

3.6.1. a.c. conductivity

The a.c. conductivity of PPyAA-Fe304 nanocomposites was mea-
sured from 20 up to 150°C using impedance spectroscopy while
the conductivity of pristine PPyAA was evaluated in the range of
20-120°C. a.c. conductivities of the samples were obtained using
the following standard equation [13,42]

Oac(w) = &' (w)weg (1)

where o, (w) is the real part of conductivity, w(2mf) is the
angular frequency of the signal applied to the sample, &”
is the imaginary part of complex dielectric permittivity and
go (8.852x 10" Fcm1) is the vacuum permittivity. The fre-
quency and temperature dependent a.c. conductivity graphs of
PPyAA-Fe304 and pristine PPyAA are shown in Fig. 6(a) and (b),
respectively. a.c. conductivities of PPyAA-Fe304 nanocomposite

at 1Hz are found to be 8.26 x 10~° and 1.44 x 10-8Scm~! for
20 and 150°C, respectively while a.c. conductivity of PPyAA was
9.89 x 10-2Scm~! at 120°C. Interestingly, the a.c. conductivity
of the nanocomposite slightly decreases with temperature up to
100°C. Beyond this temperature, the conductivity of PPyAA-Fe304
nanocomposite raised again to the level of conductivity observed
at 20°C whereas the conductivity of pristine PPyAA slightly and
steadily increased with temperature. This divergence observed in
the conductivity of nanocomposite can be explained as follows: At
low temperature, magnetite nanoparticles surrounded by PPyAA
can form a random network. When the temperature is increased,
the nanocomposite consisting of magnetite becomes more orga-
nized and exhibits more capacitive behavior. This situation results
in high electrical conductivity.

Regarding the temperature dependency of a.c. conductivity,
both PPyAA-Fe3;04 nanocomposite and pristine PPyAA showed
temperature dependent and temperature independent behaviors
(a dispersive regime) at low and high frequencies, respectively
(Fig. 6(a) and (b)). This phenomenon is a strong clue for ionic con-
ductivity [12,18]. The ionic hopping in iron oxide occurs between
Fe2* and Fe3* sites [43-46]. On the other hand, the charge transfer
in PPyAA occurs between the polaron and bipolaron states [47]. In
this process, mobility of the charge carrier increases with temper-
ature which results in a significant reduction in d.c. resistivity. In
particular, the ionic or vacant sites cause a limitation in the mobility
of charge carriers and this leads to a minor effect of charge transfer
on the conduction properties of nanocomposite [16]. Therefore, it
is concluded that hopping process is the major type of conduction.

The conductivity of nanocomposite was slightly lower than
that of pristine PPyAA since the interactions between the polymer
matrix and iron oxide nanoparticles will increase the charge car-
rier scattering and thus increase the sample resistivity when Fe304
nanoparticles were embedded into PPyAA matrix. Other effects like
increased carrier charge trapping either by the nanoparticles them-
selves or by morphological changes, could also play a role in slight
reduction of conductivity [48]. Contrarily, the electrically conduc-
tive ferromagnetic nanocomposites were described formerly in
literature [49,50]. In other words it was reported the conductivity
of magnetite including sulfone polyaniline (sPANi) nanocompos-
ite had higher values than that of pristine PANi and sPANi [50] and
this result was attributed to the changes in micro- and macroscopic
factors such as crystalline size and morphology of polymer after
adding Fe304 particles into the polymer matrix.

Concerning the frequency dependency of a.c. conductivity of
nanocomposite and pristine PPyAA, they exhibited nearly the same
frequency dependent behavior. Apart from each other, the a.c.
conductivity of nanocomposite changed with frequency beyond
100 kHz while pristine PPyAA had frequency dependent conductiv-
ity properties above 10 kHz. At high frequencies, a.c. conductivity
of each product varied with the same way but independent of
temperature. In other word, a.c. conductivity over a certain fre-
quency (100 kHz for nanocomposite and 10 kHz for pristine PPyAA)
obeyed the rule of the temperature independent expression for
several low mobility polymers and even for crystalline materials,
non-crystalline and liquid semiconductors;

Oac(w) = Aw" (2)

where w is the angular frequency, n is the frequency exponent and
A is a temperature independent constant [51,52]. Frequency expo-
nent (n) values were calculated from the slopes of log-log graph
and the figures are shown in Fig. 7. By fitting our data to Eq. (2), we
found n values of about 0.5 and in the range of 0.8-1.2 for pristine
PPyAA and nanocomposite (inset of Fig. 7(a) and (b)), respectively.
The obtained n results showed us that the a.c. conductivity of each
sample is dependent of temperature.
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Fig. 7. Plots of log o, versus log wmax and n versus inverse absolute temperature
of (a) PPyAA-Fe304 nanocomposite and (b) pristine PPyAA.

Additionally, the variation of n values of PPyAA-Fe3QOy4
nanocomposite with temperatureis a strong evidence for thermally
activated polarization mechanism whereas the polarization mech-
anism of pristine PPyAA cannot be considered thermally activated
due to unchanged n value. On the other hand, if we assume that the
conduction mechanism is based on ion migration in the applied
electric field, the lower s values from the a.c. measurements can be
explained by strong electrode polarization. In addition, a.c. conduc-
tivity of the nanocomposite showed a linear increase in the log-log
plot (power law behavior) due to the increase of conductivity of
the PPyAA-Fe304 nanocomposites above 60°C while substantial
changes at low frequency were only found at lower temperatures
than this temperature as seen in Fig. 7.

3.6.2. d.c. conductivity

The direct current (d.c.) conductivity of the nanocomposite and
pristine PPyAA was derived from the plateau regions presented
in Fig. 6 and the d.c. conductivity of PPyAA-Fe304 nanocompos-
ite versus reciprocal temperature is depicted in Fig. 8(a) with
the illustration of linear fittings and transition regions. The curve
demonstrated that d.c. strongly depended on temperature together
with two characteristic transitions. Specifically, magnetite-capped
systems exhibit Arrhenius behavior at various temperature ranges,
providing three values of the activation energy below and above
first temperature transition of around 60°C and second tempera-
ture transition of above 100°C. One can see from Fig. 8(a) that the
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Fig. 8. d.c. conductivity of (a) PPyAA-Fe;04 nanocomposite and (b) pristine PPyAA
versus reciprocal temperature.

d.c. conductivity of nanocomposite was found to obey thermally
activated Arrhenius plot conduction of

(3)

log 0q.c. = log 09 — ,{B—AT
where o4 is the d.c. conductivity, E, is the activation energy, kg is
the Boltzmann constant (8.617 eVK~1) and T is the temperature in
K. Subsequently E; values were found to be 117 meV and 59.2 meV
for nanocomposite while two different activation energies were
calculated as 0.158 eV and 0.117 eV for pristine PPyAA.

d.c. conductivity of PPyAA-Fe304 nanocomposite can be clas-
sified into three regions up to 150°C. While first transition
temperature between RT and 60°C demonstrated a decrease in
the electrical conductivity, higher temperatures above 60°C lead
to an increase of electrical conductivity due to semiconducting
nature of ferrite. The second transition temperature above 100°C
caused a remarkable increase in the conductivity. Consequently, it
can be emphasized that this phenomenal behavior shows a kind of
temperature dependent reorganization of PPyAA-Fe304 nanocom-
posite within a certain range of phase transition in nanocomposite
structure.

The d.c. conductivity of pristine PPyAA is depicted in Fig. 8(b).
The activation energies were calculated as 0.158 eV and 0.117 eV
below and above 60°C, respectively. The reason of the change
in activation energy at this temperature may be attributed to



8466

Real part of dielectric permittivity (31)

E. Karaoglu et al. / Journal of Alloys and Compounds 509 (2011) 8460-8468

[ ]
| ]
Ot o0 OV ALAHPOTR

> e

20°C
30°C
40°C
50 °C
60 °C
70°C
80°C
90°C
100 °C
110°C
120°C
130°C
140°C
160 °C

Frequency (Hz)

% b

20°C
30°C
40°C
50 °C
60 °C
70°C

80°C
90 °C
100 °C
110 °C
120 °C

O 00OV AACHOPOR

Real part of dielectric permittivity (81)

T T T T T ML | MELRRLLL T T T
10" 10° 10’ 10° 10° 10° 10° 10° 10’

Frequency (Hz)

Fig. 9. The variation of real part of dielectric permittivity (¢'): (a) PPyAA-Fe304
nanocomposite and (b) pure PPyAA depending on temperature and frequency.

segmental molecular motions of polymer. Similarly, one can see
from Fig. 8(b) that the d.c. conductivity of pristine PPyAA was found
to obey thermally activated Arrhenius equation given as above.

3.6.3. Frequency and temperature dependence of dielectric
permittivity

3.6.3.1. Real part of dielectric permittivity. The real part of the com-
plex permittivity (&) variations of both pristine PPyAA and Fe30,
containing nanocomposite in the frequency range of 1 Hz-3 MHz
and temperature range of 20-150°C are given in Fig. 9(a) and
(b). The real part of dielectric permittivity (&’), which is related
to the stored energy within the medium, of each product sharply
decreased with frequency and remained almost unchanged at
higher frequencies (beyond 15 kHz) when temperature was kept
constant. Furthermore, these curves keep their shapes but slide
up at higher temperatures. Actually, this decrease in the real part
of dielectric permittivity was significant at higher temperature
(above 110°C) for nanocomposite while this attitude was clearly
observed in the range of 20-120°C for pristine PPyAA. Dielectric
constants of polymers, in general, are known to decrease gradually
with increasing frequency and similar behavior was observed for
Fe;04 containing nanocomposite. This behavior can be attributed
to the frequency dependence of the polarization mechanisms. The
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Fig. 10. The variation of imaginary part of dielectric permittivity (&”): (a)
PPyAA-Fe3;04 nanocomposite and (b) pure PPyAA as a function of temperature and
frequency.

dielectric constant depends upon the ability of the polarizable units
in a polymer to orient fast enough to keep up with the oscillations
of an alternating electric field. When frequency increases the ori-
entational polarization decreases since the orientation of dipole
moments needs a longer time than electronic and ionic polariza-
tions. This causes the dielectric constant to decrease. On the other
hand, the increase of ¢ towards the low frequency region is also
seen from Fig. 9(a) and (b). This may be attributed to the blocking
of charge carriers at the electrodes. Furthermore, the variation of
relative dielectric constant with frequency also shows the presence
of material-electrode interface polarization processes which take
place at low frequencies.

Concerning the temperature dependence of the real part of
dielectric permittivity, it is clear that &' increases continuously
with increasing temperature for pristine PPyAA. However, the vari-
ation of dielectric permittivity of nanocomposite depending on
temperature showed us two different behaviors due to the tran-
sition temperature of electronically conducting polymer matrix.
The expansion of pristine electronically conducting PPyAA matrix
can separate the filling components of the nanocomposites that
connected with each other earlier when the temperature was low-
ered. Hence, this yields a reduction in dielectric permittivity until
100°C. By increase in temperature, the interfaces between Fe304
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and polymer matrix will enhance, and the dielectric constant will
rise due to the interfacial polarization [12]. Also with increasing
temperature, the thermal energy converts the bound charges to
the charge carriers, and the increasing number of charge carriers
yields a rising in dielectric constants. Furthermore, the mobility of
the charge carriers increases by increasing the temperature because
of the increase in thermal energy [13]. On the other hand, it is
known from literature that the addition of nanoparticles alters the
molecular dynamics of the matrix polymer at low temperatures
[52]. This effect is due to the modified interactions at the interfaces
between particles and the matrix. The measured effective permit-
tivity depends both on the microstructure and on the permittivity of
the nanoparticles [53]. Additionally, this situation can be explained
by Clausius-Mosotti equation which explains the relation between
dielectric constant of a substance and polarizability coefficient of
its dipoles. Thus, the reduction polarization with declining temper-
ature resulted in a significant lowering in dielectric permittivity of
both samples.

3.6.3.2. Imaginary part of dielectric permittivity (¢”). Fig. 10(a) and
(b) shows the frequency dependence of imaginary part of dielec-
tric permittivity (dielectric loss (¢”)) at different temperatures for
PPyAA and PPyAA-Fe3;04 nanocomposites. It was observed that
imaginary part of dielectric permittivity continuously decreased
with frequency and reached a minimum at 20-150 °C temperature
interval for nanocomposite. These results for both real and imag-
inary parts of the permittivity are strongly attributed to the ionic
relaxations of the dipoles although dipolar contributions also exist
at high frequency region. Regarding the polarization mechanism, it
can be emphasized that interface polarization is dominant at lower
frequencies while other mechanisms such as electronic and ionic
exist at higher frequencies [54]. At high frequency, the imaginary
part of permittivity becomes less sensitive to both frequency and
temperature, tended to be stabilized as reported earlier [55]. On the
other hand, no maximum peak attributed to the relaxation of each
samples measured at studied temperature interval. This is probably
due to the being out of frequency and temperature range applied
in the study.

4. Conclusions

In this study, PPyAA-Fe304 nanocomposite was synthesized by
cooprecipitation and reflux methods. In this work, the a.c. conduc-
tivity and dielectric properties of pristine poly 3-pyrrolyl acetic
acid and its nanocomposite with Fe304 are studied in the range
of 1-3 MHz frequency range and 20-120°C temperature interval.
The frequency dependence of the a.c. conductivity of nanocom-
posite obeys the universal power law with a deviation at low
temperature and frequency for nanocomposites while no diver-
gence was observed at these conditions for pristine PPyAA. It is
clearly emphasized that the conductivity and dielectric permit-
tivity measurements strongly depend on the thermally activated
polarization mechanism and thermal transition of PPyAA in the
nanocomposite structure. This situation was briefly observed from
the d.c. conductivity and dielectric permittivity plots above 60
and 100°C with two transition peaks for both nanocomposite and
pristine PPyAA. The d.c. conductivity of nanocomposite and pris-
tine PPyAA at low and high temperatures can generally be fitted
with Arrhenius equation with different E; values of 117 meV and
59.2 meV. Dielectric permittivity results point out that ionic and
polymer segmental motions are strongly coupled with d.c. electri-
cal conductivity which is strongly temperature dependent and can
be classified into three regions from 20 to 150 °C for PPyAA-Fe304
nanocomposite while pristine PPyAA had two different regions.
Furthermore, the large value of dielectric permittivity (&¢’) at lower

frequency is attributed to the predominance of species like Fe2*
ions and grain boundary defects (interfacial polarization).
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