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a  b  s  t  r  a  c  t

Poly(2-thiophen-3-yl-malonic  acid)/Fe3O4 nanocomposite  was  synthesized  by the  precipitation  of Fe3O4

in  the  presence  of  poly(2-thiophen-3-yl-malonic  acid)  (PT3MA).  Characterizations  of  the  nanocomposite
were  performed  by  XRD,  FT-IR,  TEM, TGA,  AC/DC  conductivity  and  dielectric  measurements.  The cap-
ping  of PT3MA  around  Fe3O4 nanoparticles  was  confirmed  by FTIR  spectroscopy,  the  interaction  being
between  bridging  oxygen  of  the carboxylate  and  the  nanoparticle  surface  through  bidentate  binding.  The
crystallite  particle  sizes  of  6 ± 3 nm  and  7 ± 3 nm were  obtained  from  XRD  line  profile  fitting  and  from
TEM  image  analysis  respectively,  and  they  are  in  good  agreement  with  each  other.  Magnetization  mea-
surements  revealed  that PT3MA  coated  magnetite  particles  do  not  saturate  at higher  fields.  The  material
olythiophene
onductivity
ielectric properties

showed superparamagnetic  character  as  revealed  by the  absence  of  coercivity  and  remnant  magneti-
zation.  Magnetic  particle  size  was  calculated  as  7.3 ± 1.0  nm  from  the  mean  magnetization  term  in  the
Langevin  function  which  is  also  in conformity  with  the values  determined  from  TEM  micrographs  and
XRD line  profile  fitting.  The  TEM  particle  size  analysis  of the  nanoparticles  revealed  the  presence  of  a
slightly  modified  magnetically  dead  nanoparticle  surface.  AC and  DC  conductivity  measurements  were

e  ele
performed  to elucidate  th

. Introduction

Nanoparticulate transition-metal oxides can exhibit enhanced
ptical, magnetic and electrical properties when compared to their
ulk counterparts, rendering nanoparticles interesting for a vari-
ty of applications [1–5]. Among these, magnetite (Fe3O4) is a
ommon magnetic iron oxide that has a cubic inverse spinel struc-
ure with fcc close packed oxygen anions and Fe cations occupying
nterstitial tetrahedral and octahedral sites [6].  Magnetite unit cell
an be represented with the formula (Fe8

3+)A[Fe40/3
3+Fe8/3

2+]BO32,
here A and B indicates tetrahedral and octahedral positioning,

espectively. The rapid electron hopping between Fe2+ and Fe3+

ons in the octahedral sites at room temperature which is responsi-
le for the good room temperature conductivity makes magnetite
n important class of half-metallic materials (which are metallic

n one spin direction and insulating in the other) [7].  Due to its
trong magnetic and semiconducting properties, magnetite (Fe3O4)
s one of the most preferred and well known filler materials to

∗ Corresponding author. Tel.: +90 212 866 33 00/2065; fax: +90 212 866 34 02.
E-mail address: besat@fatih.edu.tr (B. Esat).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.10.063
ctrical  conduction  characteristics  of  the  product.
© 2011 Elsevier B.V. All rights reserved.

be used in magnetic recording media and in medical applica-
tions when combined with polymers. In addition to its magnetic
properties, magnetite is unique for its very high saturation mag-
netization (92–100 emu/g) and an unusually low bulk resistivity
(1.068 × 10−2 � cm−1) [8].  Therefore, magnetite has the potential
for providing the desired magnetic and electrical properties in com-
posite materials.

Conducting polymers have attracted considerable attention for
their potential applications in various fields because of their curi-
ous electronic, magnetic, and optical properties. Among them,
polythiophene derivatives are particularly important, since much
progress has been made in the past two  decades to solve the serious
problems regarding their low solubility and processability [9,10].
Their unique physical and chemical properties have made them
considerably attractive materials for potential applications in the
fields of drug delivery systems [11], electromagnetic interface (EMI)
shielding, rechargeable batteries, electrodes and sensors, plastic
transistors, and microwave absorption [12–14].  Bertran et al. [9]

suggested that poly(2-thiophen-3-yl-malonic acid) is a candidate
for potential applications such as selective membrane for elec-
trodialysis, wastewater treatment, or ion-selective membrane for
biomedical uses.

dx.doi.org/10.1016/j.jallcom.2011.10.063
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:besat@fatih.edu.tr
dx.doi.org/10.1016/j.jallcom.2011.10.063
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Significant scientific and technological interest has focused
n polymer–inorganic nanocomposites (PINCs) over the last two
ecades. The incorporation of inorganic nanoparticles into the poly-
er  matrix can provide high-performance novel materials that can

nd applications in many industrial fields [15–19].
To the best of our knowledge, no work has been done so

ar on the preparation, magnetic and electrical transport proper-
ies (electronic/dielectric) of PT3MA–Fe3O4 nanocomposites. In the
resent study, we employed a simple one-pot in situ polymer-

zation method to synthesize PT3MA–Fe3O4 nanocomposite and
tudied its structural and physical properties in detail for the first
ime.

. Experimental

.1. Materials

2-Thiophen-3-yl-malonic acid (T3MA), anhydrous iron (III) chloride
98%) (FeCl3), ammonium hydroxide (NH4OH), iron (III) nitrate nonahydrate
Fe(NO3)3·9H2O, 98%) iron (II) chloride tetrahydrate (FeCl2·4H2O, 98%), concen-
rated sulfuric acid (H2SO4), hydrochloric acid (HCl), sodium hydroxide (NaOH)
ere all of analytical purity (obtained from Merck and Sigma–Aldrich) and used

s-received, without any purification.

.2. Characterization techniques

X-ray powder diffraction (XRD) analysis was conducted on a Rigaku Smart Lab
perated at 40 kV and 35 mA  using Cu K� radiation (� = 1.54059 Å).

Fourier transform infrared (FT-IR) spectra of the samples were recorded with a
erkin Elmer BX FT-IR infrared spectrometer equipped with an diamond attenuated
otal reflectance (ATR) accessory in the range of 4000–400 cm−1 with better than

 cm−1 resolution.
Transmission electron microscopy (TEM) analysis was  performed using a

EOL/JEM 2100 microscope. A drop of diluted sample in alcohol was  dripped on
 TEM grid.

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

The electrical conductivities of the PT3MA and PT3MA/Fe3O4 nanocomposite
ere studied in the range of 20–150 ◦C with 10 ◦C steps. The samples used were

n  the form of circular pellets with a diameter of 13 mm and thickness of 3 mm.
he pellets were sandwiched between gold electrodes and the conductivities were
easured using Novocontrol dielectric impedance analyzer in the frequency range

 Hz–3 MHz. The temperature was controlled with a Novocool Cryosystem, between
100 ◦C and 250 ◦C. The dielectric data (ε′ and ε′′) were collected during heating as

 function of frequency.
VSM measurements were performed using a vibrating sample magnetometer

LDJ Electronics Inc., Model 9600). The magnetization measurements were carried
ut in an external field up to 15 kOe at room temperature.

The NMR  spectra were taken in the suitable solvents using Bruker Avence III
00 MHz NMR  Spectrometer.

Gel permeation chromatography (GPC) measurements were performed on
etrahydrofuran (THF) solutions of the polymers (only on the THF soluble portions
f  each polymer) using a GPC 1100 (Agilent) instrument. The measurements were
tandardized against THF solutions of a polystyrene standard.

UV–visible (UV–vis) measurements were carried out with a Unicam double-
eam spectrophotometer. Stock solutions of the monomers and polymers were
repared by dissolving a few milligrams of the solid in 1–2 ml  CHCl3. These stock
olutions were diluted if necessary.

.3. Synthesis of PT3MA

PT3MA and its monomer (T3MA) were successfully synthesized and character-
zed as described in Supplementary section.

.4. Synthesis of PT3MA/Fe3O4 nanocomposite

Stoichiometric amounts of Fe(III) and Fe(II) chloride salts (with a molar ratio of
:1) and 50 mg  of PT3MA were dissolved in 100 ml  distilled water under vigorous

tirring. Then a 2 M aqueous NaOH solution was added very slowly until the pH
as  raised to ∼11 and a black suspension was formed. This suspension was then

efluxed at 90 ◦C for 12 h, under vigorous stirring and Ar gas. Magnetic particles
ere separated from the aqueous solution by magnetic decantation, washed with
istilled water several times and then dried in an oven overnight.
2θ (deg.)

Fig. 1. XRD pattern and line profile fitting of PT3MA–Fe3O4 nanocomposite.

3. Results and discussion

3.1. XRD analysis

Phase investigation of the crystalline product was performed by
XRD and the diffraction pattern is presented in Fig. 1. The XRD pat-
tern indicates that the product consists of magnetite, Fe3O4, and
the diffraction peaks are broadened owing to very small crystal-
lite size. All of the observed diffraction peaks are indexed by the
cubic structure of Fe3O4 (JCPDS no. 19-629) revealing a high phase
purity of magnetite. The mean size of the crystallites was  estimated
from the diffraction pattern by line profile fitting method using Eq.
(1) following the method given in Refs. [11,12].  The line profile,
shown in Fig. 1 was  fitted for observed six peaks with the follow-
ing miller indices: (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 0). The
average crystallite size, D, was obtained as 6 ± 3 nm as a result of
this line profile fitting.

3.2. FT-IR analysis

FT-IR spectra of PT3MA–Fe3O4 nanocomposite and PT3MA,
were given Fig. 2b and c respectively. In the spectrum of PT3MA
coated Fe3O4 (Fig. 2b), the asymmetric and symmetric CH2
stretching vibrations shifted to 2922 and 2852 cm−1, respectively.
The position of the asymmetric carboxylate stretching vibration
decreased to 1620 cm−1 and got broader in FTIR spectrum of P3TMA
as compared to that of the monomer (FTIR spectrum of T3MA
is presented in Supplementary section) due to increased amount
of hydrogen bonding interactions. In addition, the O–H stretch-
ing vibration (observed between 3600 and 1750 cm−1) is much
broader in PT3MA compared to that of the monomer. In Fig. 2c,
asymmetric and symmetric stretching frequencies of carboxy-
late (COO–) of PT3MA are observed at 1620 cm−1 and 1403 cm−1

respectively. In the spectrum for PT3MA–Fe3O4 nanocomposite
(Fig. 2b), the vibrations of asymmetric and symmetric stretching
of carboxylate anion occurred at 1621 and 1340 cm−1. The split-
ting between asymmetric and symmetric stretching of carboxyl
group, ��  (�asymmOCO − �symOCO), is higher than that present in the
FT-IR spectra of uncoordinated PT3MA (Fig. 2c), indicating a biden-
tate coordination between the carboxyl anions and the metal ions
[20,21] as schematically depicted in Fig. 2a.
The inorganic lattice vibration appears in the range
400–700 cm−1 (Fig. 2b). The FTIR of the prepared powder shows
characteristic peaks that are exhibited by the commercial mag-
netite powder: The metal–oxygen band, v1, observed at 590 cm−1
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Fig. 2. (a) Suggested linkage of PT3MA to iron oxide surface 

orresponds to intrinsic stretching vibrations of the metal at tetra-
edral site (Fetetra ↔ O), whereas the metal–oxygen band observed
t 445 cm−1, v2, is assigned to octahedral-metal stretching
Feocta ↔ O) [22–27].

.3. TEM analysis

TEM micrographs of PT3MA/Fe3O4 nanocomposite are shown in
ig. 3a and b. The size distribution diagram is presented in Fig. 3c.
he particles were observed to have a spherical morphology. Size
istribution histogram was obtained by measuring at least 150
anoparticles and it was fitted using a log-normal function [28].
n average size, DTEM/log-normal, of ∼6 nm was obtained for mag-
etite nanoparticles. Crystallite size obtained from XRD line profile
tting was very similar to the particle size estimated from TEM,
evealing nearly single crystalline nature of the nanoparticles. High
esolution TEM image presented in Fig. 3b reveals atomic planes
nd the distance measured can be assigned to (2 2 0) plane for mag-
etite corresponding to a distance of ∼3 Å. In this image, a very thin

ayer of polymer (PT3MA) coating around the particles can also be
bserved.

.4. TG analysis

TGA thermograms of nanocomposite and PT3MA are presented
n Fig. 4, which can be used for a quantitative comparison of
egradation behavior of both the polymer and the nanocompos-

te samples. Iron oxide showed no weight loss in the temperature
ange of TG analysis [29–32]. On the other hand, a degradation was
learly seen in the TGA curves of the nanocomposite. Combustion
f PT3MA was not complete within the temperature interval of the
nalysis. Approximately 85% of the polymer was decomposed at
50 ◦C. However, nanocomposite showed only a slight weight loss
f about 12% at this temperature. Based on the thermogram and
he above discussions, PT3MA amount in the composite was  pre-
icted to be around 10–15%, which indicated an inorganic content
f about 85–90%.

.5. VSM analysis
The room temperature magnetization curve of PT3MA coated
agnetite was  measured up to 15 kOe using a vibrating sample
agnetometer, see Fig. 5. The specific saturation magnetizations

Ms) of the composite and bulk magnetite were calculated from a
spectra of (b) PT3MA–Fe3O4 nanocomposite and (c) PT3MA.

plot of M versus 1/H  (M at 1/H  ≥ 0) as 49 and 55 emu/g (normalized
to the mass of the magnetic core), respectively. Ms of bulk magnetite
was considerably lower compared to its theoretically determined
value of 92 emu/g. Fig. 5 also revealed that magnetizations of bulk
and coated magnetites could not reach to saturation. The samples
showed no coercivity and hysteresis behavior. All of these observa-
tions are characteristic features of superparamagnetic (SP) particles
having grain sizes less than 20 nm [33]. Reduced magnetization is
generally observed in SP magnetite particles and can be explained
by spin canting and presence of disordered spins at the surface
[29,31,34–37]. The effect of surface spins on overall magnetization
increases due to the presence of a considerably increasing fraction
of spins on the surface as particle size decreases. In addition to spin
canting and disordered spins, adsorption of surfactant molecules
onto the surface of magnetite can also decrease the magnetization.
As also observed in our previous works [29,32,38],  the polymeric
surfactant molecules are bound to the magnetite surface over oxy-
gen atoms (see Section 3.2). Therefore, some of the spins of the
oxygen atoms close to the surface are pinned and this weakens the
super exchange interaction between Fe–O–Fe atoms, causing the
overall magnetization of the nanocomposite to decrease.

Magnetization of superparamagnetic particles is described by
the Langevin function (Eq. (1))  which can also be used to determine
the particle size;

M = Ms

{
coth

(
�H

kBT

)
− kBT

�H

}
(1)

here � denotes the mean magnetic moment of a single particle,
H is the applied field and kBT term corresponds to the thermal
energy of the particles. The Langevin relation considers each parti-
cle as a magnetic monodomain. The relationship between the mean
magnetic moment of a particle and saturation magnetization of
particles, as described by Eq. (2),  can be used to calculate average
particle size, D;

� = Ms�	D3

6
(2)

where 	 is the density of the sample.
Mean magnetic moment (�) was  determined as 5046�B at 300 K
by fitting Eq. (1) to M–H hysteresis curve of the composite. Then, by
substituting this value in Eq. (2), mean particle size was  calculated
to be 7.3 ± 1.0 nm,  which agrees well with the values calculated
from XRD patterns (6.0 ± 3.0 nm).
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Fig. 3. (a and b) TEM micrographs of PT3MA–Fe3O4 nanocomposite at differe

.6. Conductivity measurements

For any conductive nanocomposite material, it is very impor-
ant to understand how the conductivity changes with temperature
or the different temperature ranges concerned. The inherent con-
uctivities can be assumed, in general, to be more or less equal.
owever, the physical characteristics like density and orientation
f the polymeric particles are significantly varied depending on
he material content in nanocomposites. Because of low density
nd random orientation of most polymeric nanoparticles, the con-
act among the particles throughout the crystallite boundaries is
oor and this may  results in a relatively low conductivity in the
anocomposite materials [31,32]. At lower temperatures, mag-

etite nanoparticles surrounded by PT3MA initially form a random
etwork. When temperature is increased steadily, nanocompos-

tes of magnetites enclosed by PT3MA starts to become more
rganized into a matrix form in which each capped network in
gnifications; (c) size distribution histogram obtained from TEM micrographs.

the matrix shows both capacitive and resistive behaviors. The
amount of equivalent components in the material is dependent
on the range of the transition temperature as modeled in the
literature [31,32].  This phenomenon can be entitled as a forma-
tion of the temperature-assisted nanolattices of capped magnetite
nanoparticles. This results in the change of overall conductivity
with temperature because of the temperature-assisted reorgani-
zation among magnetites and PT3MA.

The ac conductivities, 
ac (ω) of both the PT3MA polymer
nanoparticles and PT3MA–Fe3O4 nanocomposite studied here were
measured between 20 ◦C and 150 ◦C using impedance spectroscopy
and results were shown in Figs. 6–9.  Frequency-dependent ac con-
ductivity, 
ac (ω), was obtained using Eq. (3);

 ′(ω) = 
ac(ω) = ∈ ′′(ω)ωε0 (3)

where 
 ′ (ω) is the real part of conductivity, ω is the angu-
lar frequency of the signal applied across the sample, ∈′′ is the
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Fig. 4. TGA thermograms of (a) PT3MA and (b) PT3MA–Fe3O4 nanocomposite.
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Fig. 6. AC conductivity of PT3MA polymer nanoparticles versus angular frequency
for temperatures ranging from 20 to 150 ◦C.
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3.7. Impedance measurements
ig. 9. AC conductivity versus angular frequency dependence for PT3MA–Fe3O4

anocomposite from RT to 150 ◦C.

maginary part of complex dielectric permittivity (∈ *) and ε0
8.852 × 10−14 F/cm) is the vacuum permittivity.

As can be seen from the ac conductivity behavior of PT3MA
olymer nanoparticles (Fig. 6), the conductivity was  found to be
emperature dependent in low frequency region, while it was
bserved to be less frequency-dependent in high frequency region.
his shows that the capacitive effect is more prevailing. The ac
onductivity of PT3MA polymer nanoparticles was found to obey
n exponential function of angular frequency formulated as 
(ω,
) = 
(0, T) · ωn(T) where each power exponent, n(T), is temperature-
ependent in a different manner in both the low and high frequency
egions. Variation of frequency-dependent power exponent as a
unction of temperature in regions of both higher and lower fre-
uencies is represented in Fig. 8 where the power exponents of
c conductivity comply with linear fits having both positive and
egative slopes, respectively. This can be attributed to the vari-
tion of ac conductivity profiles with temperature and frequency,
hich may  be caused by both structural changes due to the effect of

emperature and electrical influence of frequency on conductivity.
In Fig. 7, conductivities taken at various frequencies were plot-

ed as a function of temperature. Here at lower frequencies, the
onductivity increased almost exponentially with temperature as
xpected. Nevertheless, at higher frequencies, it remained almost
nchanged. This can be attributed to the capacitive effects at higher
requencies among the nanoparticles. Additionally, electron hop-
ing process may  have a difficulty to follow the externally applied
c electric field.

As can be seen from Fig. 9, the curves of ac conductivity versus
ngular frequency at various temperatures comprise conductiv-
ty plateau regions in general, while the plateau region for hot
anocomposite is well developed at low frequencies. The plateau
egion at lower temperatures was slightly less distinguishable at
edium frequencies, and shifted toward higher frequencies with

ncreasing temperature, especially over 70 ◦C. In other words, the
onductivity plateau regions, which were well developed at lower
requencies and above 70 ◦C, broadened toward higher frequen-
ies at higher temperatures. The conductivity seemed to follow the
unction 
(ω, T) = 
(0, T) · ωn(T). At temperatures above 100 ◦C, the
tructural reorganization seemed to be settled down and ac con-
uctivity at lower frequency became less frequency-dependent.
The variation of dc conductivity of the PT3MA–Fe3O4 nanocom-
osite with T was demonstrated in Fig. 10.  The conductivity
urve demonstrated that dc conductivity depended strongly on
Fig. 10. DC conductivity of PT3MA–Fe3O4 nanocomposite as a function of reciprocal
temperature.

temperature (in the regions of linear fittings of the conductivity
versus 1/T  curve).

Generally, PT3MA-capped systems exhibited Arrhenius behav-
ior at various temperature ranges below and above a transition
region which has a width of 60 ◦C about 130 ◦C. The conductivity
isotherm at low and high temperature can be fitted with Arrhenius
equation as follows [39];


dc = 
0 exp
(

− E0

kBT

)

where 
0 is the pre-exponential terms, Ea is the activation energy
for each region and kB (8.617385 × 10−5 eV/K) is the Boltzmann
constant. Two  different activation energies of Ea = 0.129 eV and
0.970 eV were obtained in temperature ranges below and above the
transition range temperatures, respectively. It was clearly seen that
electrical conductivity was  strongly dependent on temperature.
So, dc conductivity of the PT3MA capped magnetite nanocompos-
ites can be classified into three regions over a limited temperature
range from RT to 150 ◦C. While transition region observed between
temperatures 45 ◦C and 95 ◦C showed a metallic-like behavior,
which means electrical conductivity decreases with increasing
temperature. Dc electrical conductivity increases with increased
temperature with the formulation of log 
dc versus 1/T  before
and after this transition region as shown in Fig. 10.  Accordingly,
this semiconducting phase obeys Mott’s variable range hopping
mechanism of the conduction because the conduction mechanism
of the nanocomposite shows a crossover from the Mott’s law,
exp(− AT−1/4) [39,40],  to a simply activated law, exp(− (�E/kBT)).
This dependence can be often conveyed as a slope in logarith-
mic  conductivity versus reciprocal temperature graphs. So, this
behavior can be attributed to the temperature-induced transi-
tion from three dimensional hopping conduction in a network of
weakly interconnected nanoparticles to thermally activated behav-
ior [41,42],  where the physical meaning of the one fourth exponent
in Mott’s law can be ascribed to the reciprocal of the effective
dimensionality of four (three spatial plus one energy) [43]. Here, it
should be emphasized that due to ferrites’ semiconducting nature,
the conductivity increases with increasing temperature.
The impedance measurements of the complex dielectric per-
mittivity with real ε′ and imaginary ε′′ components of the
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such as crystallinity, synchronized cation–anion motions and the
ig. 11. (a) Real and (b) imaginary parts of permittivity of PT3MA–Fe3O4 nanocom-
osite as a function of frequency at various temperatures.

T3MA–Fe3O4 nanocomposite were performed. The real com-
onent of permittivity as a function of frequency at various
emperatures was shown in Fig. 11.  In general, the real component
f permittivity for the nanocomposite studied decreased sharply
ith increasing frequency in the lower frequency range at lower

emperatures. While at higher temperatures, the decline in real
art was very slow and also the real component’s intensity was
uite low. This is an expected result because of a possible struc-
ural reorganization of nanocomposite at high temperatures as a
hole, and of a phase transition in the medium temperature range.
t higher temperatures the variation of the real part of permit-

ivity may  be less important to some extent in applying external
lectric field with higher frequency. There was an interesting and
nclear variation in real part of permittivity at temperatures above
30 ◦C. No real part was recorded at lower frequencies and its mag-
itude increased at first and then decreased in the log–log plot
f real permittivity versus angular frequency of the applied sig-
al. In general, real permittivity could be considered to obey ε′(ω,
) = ε′(0)ω−n(t) within some limited region of different power expo-
ent n(T) except for the initial part of higher temperature and lower

requency region as shown in Fig. 11a.
Imaginary part of dielectric permittivity versus angular fre-

uency for temperatures ranging from RT to 150 ◦C was  studied

oncisely as shown in Fig. 11b. From the fitting parameters, log-
rithmic imaginary part of the permittivity remained unchanged
or various temperatures while the exponent “n” (between 0.6 and
Compounds 514 (2012) 45– 53 51

1.0) was  found to increase almost linearly with temperatures as
shown in the inset of Fig. 11b. This attitude showed us that, on
one hand, the capacitive response of the nanocomposites was less-
dependent on temperature and more dependent on the nature of
the reorganization of the PT3MA capped magnetite nanoparticles.
On the other hand, imaginary part was found to be dependent on
reciprocal of angular frequency of the applied signal as given by
ε′′(ω, T) = ε′′(0)ω−n(T). Within the frequency range of measurements,
the imaginary parts of the effective permittivity of nanocompos-
ite exhibited spectra which can be analytically well represented
by power laws. The associated power law exponents of imaginary
parts of the permittivity were in the range 0.6–1.0 which was in
agreement with data earlier reported [31,32,44].

Consequently, the dielectric constant increased usually with
increasing temperature as seen in semiconducting materials. This
can be resembled to some cases in which the thermal energy con-
verts the bound charges into the charge carriers. This intensifying
charge carrier concentration always leads to easy alignment of
dipoles in the applied ac electrical field and accordingly to increases
in dielectric constants. Furthermore, the mobility of the charge car-
riers increases with increasing temperature because of the building
up of thermal energy.

Electric modulus formalism is a preferential method to study
the polarization effect. So, the electric modulus can be calculated
by Eq. (4) [45,46];

M∗ = (ε∗)−1 = M′ + iM′′ = ε′

ε′2 + ε′′2 + i
ε′′

ε′2 + ε′′2 (4)

Fig. 12 shows the real and imaginary part of electric modulus
formalism of the PT3MA–Fe3O4 nanocomposite. As shown, both
parts of modulus (M*) increased with angular frequency obeying
a power law that can be formulated as M*(ω, T) = M*(0)ωn(T) for
three temperature regions (low: 20–80 ◦C, medium: 90–120 ◦C; and
higher: above 120 ◦C). And then, they reached a constant value and
became saturated at higher frequency, as expected. The starting
points of the curves depend strongly on the temperature. Addition-
ally, the entire formalism attitude of both real and imaginary parts
of the electrical modulus strongly depended on the temperature
over three different regional tendencies. The power law exponents
can have a value dependent on the temperature regions. This type
of relaxation processes might be attributed to an interfacial polar-
ization effects.

According to the electric modulus formalism, the tempera-
ture and frequency dependencies of dielectric properties of the
PT3MA–Fe3O4 nanocomposites can be explained as follows [47,48].
When the temperature is reduced, the expansion of PT3MA matrix
will separate the filling components of the nanocomposite that
were once connected with each other. The interfaces between
magnetites and PT3MA matrix will enhance, and the dielectric con-
stant will increase. When the temperature is raised higher than a
certain value, the PT3MA nanocrystallite phase begins to change,
transforming from a semi-crystalline phase to the polymer-like
region. The interfaces between the magnetites and PT3MA matrix
will remain unchanged. So, the dielectric constant will become
constant. The polarization effect becomes important. As it is well
known, solid polymer electrolytes have several advantages over the
liquid counterpart such as desirable shape mouldability, mechani-
cal strength and flexibility of design. Unfortunately, solid polymer
electrolytes have the intuitive problem of low ionic conductivity
at ambient temperatures that acts as a barrier to their suitability.
It can be understood that various physical and chemical factors
formation of the ion-pairs have a strong effect on ionic conduc-
tivity [49,50]. These factors reduce the cationic conductivity, and
therefore this act as a barrier for potential applications.
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ig. 12. (a) Real and (b) imaginary part of electric modulus of PT3MA–Fe3O4

anocomposites.

As a general rule, it is well-known that there are a few different
echanisms which influence the shape of the permittivity versus

requency curves for a variety of temperature regions. First of all,
here are relaxation effects which can be associated with perma-
ent and induced molecular dipoles. At low frequencies, the applied
lectric field varies slowly enough to allow dipoles to reach equilib-
ium before the field is measurably changed. At higher frequencies,
t which dipole orientations cannot track the applied field due to
he viscosity of the medium, the absorption of the field energy
esults in energy dissipation. The mechanism of dipoles relaxing
s termed as dielectric relaxation. There are also resonance effects

hich originate from the rotations or vibrations of atoms, ions, or
lectrons. These processes are examined in the neighborhood of
heir characteristic absorption frequencies.

. Conclusions

In this study the preparation, magnetic and electrical transport
roperties (electronic/dielectric) of PT3MA–Fe3O4 nanocomposite
ere presented. The crystallite particle sizes were obtained from
RD, TEM and VSM as 6 ± 3 nm,  7 ± 3 nm and 7.3 ± 1.0 nm respec-

ively. FT-IR study indicated a bidentate coordination between the

arboxyl anions and the metal ions. AC and DC conductivity mea-
urements revealed semiconductor conduction characteristics, and
arious trends were observed, as a function of frequency and tem-
erature, revealing different mechanisms dominating based on

[

[
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the temperature dependant reorganization of the nanocomposite.
Permittivity measurements showed increasing dielectric constant
with increasing temperature as expected from semiconducting
materials. Analysis of electrical modulus and dielectric permittiv-
ity functions suggested that ionic and polymer segmental motions
were strongly coupled in the nanocomposite. Ms of bulk magnetite
was considerably lower compared to its theoretically determined
value of 92 emu/g. Magnetization of bulk and coated magnetite did
not reach to saturation and showed no coercivity and hysteresis
behavior.
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