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a  b  s  t  r  a  c  t

Polypropiolate  sodium  (PPNa)–Fe3O4 nanocomposites  were  successfully  synthesized  by  the  precipitation
of  Fe3O4 in  the  presence  of sodium  polypropiolate  and  followed  by  reflux  route.  Structural,  morphological,
electrical  and  magnetic  properties  evaluation  of  the  nanocomposite  were  performed  by  X-ray  powder
diffraction  (XRD),  Fourier  transform  infrared  spectroscopy  (FT-IR),  transmission  electron  microscopy
(TEM),  thermal  gravimetric  analysis  (TGA),  vibrating  scanning  magnetometry  (VSM)  and  conductivity
measurements.  Crystalline  phase  was  identified  as  magnetite  with  an average  crystallite  size of  7  ±  3  nm
as estimated  from  X-ray  line  profile  fitting.  Particle  size  estimated  from  TEM,  by  log-normal  fitting,  is
∼9 ±  1  nm.  FT-IR  analysis  shows  that the  binding  of PPNa  on the  surface  of  iron  oxide  is  through  bidentate
linkage  of  carboxyl  group.  TGA  analysis  showed  the  presence  of  20%  PPNa  around  80%  magnetic  core
ielectric properties
olypropiolate

(Fe3O4).  . .PPNa–Fe3O4 nanocomposite  show  superparamagnetic  characteristics  at  room  temperature.  It
is  found  that  the  a.c.  conductivity  of  the  nanocomposites  obeys  the  well-known  power  law  of  frequency
in  which  it  also  depends  on  temperature.  Additionally,  its d.c.  conductivity  showed  that  two  operating
regions  of the  activation  energy.  Both  real  and imaginary  parts  of  either  permittivity  exhibit  almost  the
same attitudes  which  are  the  indication  of the  same  ability  in  the  stored  energy,  and  dissipation  of energy
within the  PPNa  and  PPNa–Fe3O4 nanocomposites.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Magnetic NPs have many unique magnetic properties such as
uperparamagnetic, high coercivity, low Curie temperature, high
agnetic susceptibility, etc. Magnetic NPs are of great interest for

esearchers from a broad range of disciplines, including magnetic
uids, data storage, catalysis, and bioapplications [1–6].

Superparamagnetic magnetite (Fe3O4) NP’s are getting great
nterest in the past few decades due to their unique chemical and
hysical properties. Moreover, the naked iron oxide NPs have high
hemical activity, and are easily oxidized in air (especially mag-
etite), generally resulting in loss of magnetism and dispersibility.

herefore, providing proper surface coating and developing some
ffective protection strategies (to form core/shell structured mate-
ials) to keep the stability of magnetic iron oxide NPs is very

∗ Corresponding author at: Department of Chemistry, Fatih University, 34500, B.
ekmece, Istanbul, Turkey.

E-mail address: hbaykal@fatih.edu.tr (A. Baykal).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.087
important. Surfactants act as protecting agent for controlling parti-
cle size and stabilizing the colloidal dispersions (polymers coating
will increase repulsive forces to balance the magnetic and the van
der Waals attractive forces acting on the NP’s. Practically, it is wor-
thy that in many cases the protecting shells not only stabilize the
magnetic iron oxide NPs, but can also be used for further function-
alization [1,7–9].  Moreover, polymer functionalized iron oxide NPs
have been extensively investigated due to interest in their unique
physical or chemical properties [10].

In the present article, polypropiolate sodium (PPNa)–Fe3O4
nanocomposite was successfully synthesized and its
chemical–physical properties are evaluated. The size, structure
and surface properties of polypropiolate sodium (PPNa)–Fe3O4
nanocomposite were studied with transmission electron
microscopy (TEM), X-ray diffraction (XRD), and Fourier trans-
form infrared (FT-IR) spectroscopy respectively. Magnetic and

conductivity properties were characterized by vibrating sample
magnetometer (VSM) and conductivity measurements. And also
detailed electrical properties of the (PPNa)–Fe3O4 nanocomposite
were also presented first time in this study.

dx.doi.org/10.1016/j.jallcom.2011.06.087
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hbaykal@fatih.edu.tr
dx.doi.org/10.1016/j.jallcom.2011.06.087
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purity of magnetite. The following reaction was suggested for the
formation of magnetite [11]:
Scheme. Schematic representation o

.  Experimental

.1. Chemicals

FeCl3·6H2O (99%), FeCl2·4H2O (99%) were purchased from Merck, propiolic acid,
6% was purchased from Aldrich and used without further purification. Catalyst,
Rh(nbd)2BF4] (nbd, norbornadiene), was obtained from Alfa Aesar and used as
eceived.

.2. Instrumentation

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

Fourier transform infrared (FT-IR) spectra were recorded in transmission
ode with a Perkin Elmer BX FT-IR infrared spectrometer. The powder samples
ere ground with KBr and compressed into a pellet. FT-IR spectra in the range

000–400 cm−1.
Transmission electron microscopy (TEM) analysis was  performed using FEI Tec-

ai G2 Sphera microscope. A drop of diluted sample in alcohol was dripped on a
EM grid and dried prior to insertion to TEM column.

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

Magnetic measurements were performed by using a Quantum Design Vibrating
ample magnetometer (QD-VSM). The sample was measured between ±10 kOe at
oom temperature (25 ◦C).

The electrical conductivity of the PPNa–Fe3O4 nanocomposite was studied in the
emperature range of 20–120 ◦C with a heating rate of 10 ◦C/s. The sample was used
n  the form of circular pellets of 13 mm diameter and 3 mm thickness. The pellets

both nanocomposite and pristine) were sandwiched between gold electrodes and
he  conductivities were measured using Novocontrol dielectric impedance analyzer
n  the frequency range 1 Hz–3 MHz, respectively. The temperature (between −100
nd 250 ◦C) was  controlled with a Novocool Cryosystem.
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ig. 1. XRD powder pattern and line profile fitting of PPNa–Fe3O4 nanocomposite.
ation of PPNa–Fe3O4 nanocomposite.

1H NMR  and 13C NMR  were recorded using Bruker Ultra Shield Plus, Ultra long
hold time 400 MHz  NMR  spectrometer.

2.3. Procedure

2.3.1. Synthesis of PPNa–Fe3O4 nanocomposite
To an aqueous solution of a mixture of Fe(III) and Fe(II) salts, in the molar ratio

2Fe(III):1Fe(II) was  added and kept at a constant temperature of 40 ◦C for 15 min
under vigorous stirring. Then a certain amount of PPNa and solution of sodium
hydroxide was  added till the pH was raised to 11 at which a black suspension was
formed. This suspension was then refluxed at 80 ◦C for 6 h, under vigorous stirring
and Ar gas. PPNa–Fe3O4 nanocomposite was  separated from the aqueous solution
by magnetic decantation, washed with distilled water several times and then dried
in  an oven overnight (Scheme).

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
Fe2+
(aq) + 2Fe3+

(aq) + 8OH−
(aq) → Fe3O4(s) + 4H2O (1)
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Fig. 2. FT-IR spectra of (a) uncoated Fe3O4 NP’s, (b) PPNa–Fe3O4 nanocomposite, (c)
PPNa.
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Fig. 3. (a, b) TEM micrographs of PPNa–Fe3O4 nanocomposite at different magn

The mean size of the crystallites was estimated from the diffrac-
ion pattern by line profile fitting method using Eq. (1) given in Refs.
12,13]. The line profile, shown in Fig. 1 was fitted for observed
ve peaks with the following miller indices: (2 2 0), (3 1 1), (4 0 0),
5 1 1), (4 4 0). The average crystallite size, D and �, was  obtained as

 ± 3 nm as a result of this line profile fitting [12,13].

.2. FT-IR analysis

FT-IR spectra of Fe3O4 NP’s, PPNa, PPNa–Fe3O4 and suggested
inkage of PPNa to Fe3O4 surface are given in Fig. 2a–c, respec-
ively. In the IR spectrum of polymer PPNa Fig. 2c, the large peak at
557 cm−1 can be assigned to overlapped of C O and C C stretch-

ng. The peak at 1342 cm−1 belong to symmetric C–C bonding
ibrations. And specific C–H out of plain deformation absorption
ignal at 726 cm−1 showed the cis conformation of this polymer.
lso the broad O–H peak at 3315 cm−1 showed the presence of H2O
ue to the hydration of the polymer [14,15].

The presence of the iron oxide nanoparticles evidenced by the

trong absorbtion bands at around 570–590 cm−1 that confirm the
etal–oxygen streching are present in Fig. 2a [16,17]. The absorp-

ion bands of asymmetric and symmetric stretching vibrations of
H2 groups at 2918 cm−1 and 2850 cm−1 are well seen from Fig. 2c.
ons, (c) calculated histogram from several TEM images with log-normal fitting.

By comparing the separation of the symmetric and asymmetric
stretching frequencies of the carboxylate ion (��) bound to tran-
sition metals with the separation measured for the corresponding
sodium salt. According to Kirman et al. [18], if there is no C O char-
acter in the spectrum and ��adsorbed is similar to ��salt then the
adsorbed structure bidentate bridging. In our case, ��adsorbed is
∼180 cm−1 (1557–1373) and ��salt is ∼184 cm−1 (1553–1369).

3.3. TEM analysis

The TEM images and calculated histogram from several TEM
images with log-normal fitting of the typical sample is shown in
Fig. 3. Average particle size calculated by log-normal fitting to the
size distribution histogram, was obtained as 9 ± 1 nm.  As compared
with the crystallite size obtained from X-ray line profile fitting,
this reflects nearly single crystalline nature of the PPNa–Fe3O4

nanocomposite. It can be seen that the Fe3O4 NP’s consist of spher-
ical particles several nanometers long, which agreed well with the
result from XRD. Parts of small particles have aggregated because
of their extremely small size and high surface energies.
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.4. Thermal analysis

Thermal gravimetric analysis of Fe3O4 NP’s, PPNa and
PNa–Fe3O4 nanocomposite was performed to investigate the sta-
ility of composite and to confirm the interaction between Fe3O4
anoparticles and PPNa. No considerable weight loss was  observed

or Fe3O4 NP’s (Fig. 4a). PPNa exhibits in three steps decomposition;
he first one around between 50 ◦C and 150 ◦C due to the removal
f adsorbed water with ∼15% wt loss. The second step decompo-
ition starts from ∼200 ◦C and goes up to 750 ◦C (inset DTG graph)
ith about 50% loss (Fig. 4c). The third step decomposition of PPNa
hich was not complete in the working temperature.

Thermogram of PPNa–Fe3O4 nanocomposite is shown in Fig. 4b
ith a significant weight loss between the temperature 50 ◦C and

50 ◦C (inset graph). The weight loss is about 20% due to combustion
f polymer in the structure of nanocomposite. TGA analysis showed
he presence of 20% PPNa around 80% magnetic core (Fe3O4).

.5. Magnetization

Magnetic characterization of bulk and PPNa coated Fe3O4 has
een done by measuring M–H  Hysteresis curves up to 1.5 T at
oom temperature and shown in Fig. 5. Both, bulk and the com-
osite have immeasurable coercivity and remanence. In addition,
agnetization of product increases with external magnetic field
ithout reaching to a saturation even at 1.5 T. These are char-

cteristic features of the superparamagnetic (SP) nanoparticles.
aturation magnetization of the samples is calculated using M vs.
/H (M at 1/H  ≥ 0) plots as 26 and 64 emu/g for the composite and
ulk material, respectively. However, magnetization of the com-
osite should be normalized to the weight of the magnetic core
hich is about 80% of the total weight. Then, Ms of the compos-

te becomes 32.5 emu/g which is still very low compared to that of
he bulk sample (64 emu/g). It should be noted that even satura-
ion magnetization of the bulk sample is far from the theoretically
redicted value (i.e., 92 emu/g). However, reduced magnetization

s frequently observed in the SP magnetite particles and cannot be
voided when particle size is smaller than some threshold [19–23].
t can be explained by spin canting and presence of disordered
pins at the surface [20–24].  As particle size decreases, effect of
urface spins to the overall magnetization increases due to the pres-

nce of a considerably high fraction (nearly half) of all spins on
he surface [25]. In the case of nanocomposite sample, this sharp
ecrease in Ms, from 64 to 32.5 emu/g, is due to the adsorption of
urfactant molecules to the surface of magnetite. In our previous
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ig. 4. TGA thermograms of (a) uncoated Fe3O4 NP’s, (b) PPNa–Fe3O4 nanocompos-
te, (c) PPNa and DTG (inset).
Fig. 5. M vs. H curves at room temperature and their log-normal size weighted
Langevien fit of PPNa–Fe3O4 nanocomposite.

works [22,23,26,27] and in this study also, we have observed that
surfactant molecules are bound to the surface of magnetite over
oxygen atoms which cause pinning of some magnetic moments
near surface. This weakens the super exchange interaction between
Fe–O–Fe atoms. In this way, overall magnetization of the composite
decrease further.

The average particle size of the SP particles can be calculated
using room temperature hysteresis curves which are described by
the Langevin function. Mean magnetic moment (�) of particles can
be determined by making theoretical fitting of this function to the
magnetization curves as in Fig. 5. And, mean magnetic moment
can be expressed in terms of Ms,  particle size (D) and density of
magnetite (� = 5.18 g/cm3) as follows; � = Ms��D3/6. Thus, one can
calculate particle size by inserting experimentally measured Ms and
� found from theoretical fitting. We have determined the mean
magnetic moments composite as 4970�B and average particles size
as 8.2 ± 2 nm which agrees with the particle size determined from
TEM micrographs and XRD patterns within the given uncertainities.

3.6. Temperature and frequency dependent conductivity and
dielectric permittivity measurements

3.6.1. a.c. conductivity
The a.c. conductivities, �a.c.(ω) of both polypropiolate sodium

(PPNa) polymer and polypropiolate sodium (PPNa)–Fe3O4
nanocomposite have been measured from 20 ◦C up to 120 ◦C
using our impedance spectroscopy. Frequency-dependency of
the conductivity, �a.c.(ω), has been measured using the following
standard equation [28];

� ′(ω) = �ac(ω) = 	′′(ω)ωε0

where � ′(ω) is the real part of conductivity, ω is the angular
frequency of the signal applied across the samples, 	′′ is the
imaginary part of complex dielectric permittivity (	∗) and ε0
(= 8.852 × 10−14 F/cm) is the vacuum permittivity.

The a.c. conductivities of both polypropiolate sodium (PPNa)
polymer and polypropiolate sodium (PPNa)–Fe3O4 nanocomposite
as a function of angular frequency for temperatures ranging from RT

to 120 ◦C is illustrated in Fig. 6(a) and (b), respectively. In PPNa poly-
mer  case, a.c. conductivity is increased with a rule of �˛ωn while
it depends strongly on both temperature and frequency. Value of
the power exponent ‘n’ can vary differently with the attitude of
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he conductivity at low and high frequency ranges of a transi-
ion region of 1 MHz. Other important characteristic behavior is
hat a.c. conductivity increases significantly at low and medium
requency while it depends less at high frequency over 1 MHz.
t medium frequency, some wavy characteristic behavior of the
onductivity can be seen shifted to the higher frequency region
hile temperature is elevated up to 80 ◦C. Then it is disappeared

nd obeys the power law characterization. When polypropiolate
odium (PPNa)–Fe3O4 nanocomposite is examined, initially, a.c.
onductivity remains almost unchanged in the log–log scale up to
00 Hz at low temperature. Once the temperature is increased, its
onstant value at the log–log scale is shifted to higher frequency
p to 1 MHz  at 120 ◦C as shown with a row in Fig. 6(b). The rest is
beyed to the rule of power law of �˛ωn.

As can be seen from Fig. 6(b), the curves of a.c. conductiv-
ty versus angular frequency for various temperatures comprise
onductivity plateau regions in general. Additionally, the well-
eveloped plateau region for the nanocomposites is shifted
egularly to higher frequency region. After critical region of each
.c. conductivity–frequency dependencies, it obeys the well-known
aw of conductivity as described �(ω, T) = �(0, T) · ωn(T). The higher

requency shifting of transition region is found to be linear as
epicted in the log–log graph of the figure mentioned above. It can
e pointed out that temperature dependency of the nanostructural

101 102 103 104 10 5 10 6 10 7

10-10

10-9

10-8

10-7

10-6
a)

b)

 900C
 1000C
 1100C
 1200C

C
on

du
ct

iv
ity

, σ
( Ω

-c
m

)

Frequency, ω (Hz)

 200C
 300C
 400C
 500C
 600C
 700C
 800C

101 102 103 104 105 106 107

10-9

10-8

10-7

10-6

10-5

 700C
 800C
 900C
 1000C
 1100C
 1200C

C
on

du
ct

iv
ity

, σ
(Ω

-c
m

)

Frequency, ω(Hz )

 200C
 300C
 400C
 500C
 600C

ig. 6. a.c. conductivity of (a) PPNa, (b) PPNa–Fe3O4 nanocomposites as a function
f  angular frequency for a temperature range of 20 ◦C up to 120 ◦C.
Fig. 7. d.c. conductivity of PPNa–Fe3O4 nanocomposites as a function of reciprocal
temperature.

delocalisation of PPNa–Fe3O4 nanocomposites is crucial and reor-
ganization process continues while the temperature increases. At
the end of the treatment, a.c. conductivity becomes less dependent
to angular frequency below 3 × 105 Hz at a higher temperature of
120 ◦C while at room temperature this type of dependency becomes
short-ranged in frequency. This behavior can be attributed to the
degree of the ferrite quantum dots coverage with the polymer PPNA
according to temperature influence just before the conductivity
power law obeys.

3.6.2. d.c. conductivity
The d.c. conductivity of PPNa–Fe3O4 nanocomposites as a func-

tion of reciprocal temperature is depicted in Fig. 7. As expected from
our previous experiences, there exist two types of activation ener-
gies of 0.701 eV and 0.197 eV at low and high temperature ranges,
respectively. Accordingly, the d.c. conductivity can be expressed as

�(T) = �0 exp
(−Ea

kBT

)

As can be seen from the a.c. conductivity of both PPNa polymers
and PPNa–Fe3O4 nanocomposites at low frequency region conduc-
tivity is found to be strongly temperature dependent while at high
frequency region represent less frequency-dependency. This shows
that capacitive effect is more prevailing, especially for PPNa–Fe3O4
nanocomposites. Its a.c. conductivity is found to obey the exponent
function of angular frequency formulated as �(ω, T) = �(0, T) · ωn(T)

where each power exponent, n(T), of both the low and high fre-
quency regions is the temperature-dependent in a different manner
[29].

The characteristic distinction of d.c. conductivity of the
PPNa–Fe3O4 nanocomposites has been demonstrated in Fig. 7 with
the illustration of linear fittings and transition regions. The conduc-
tivity curve demonstrates that d.c. conductivity strongly depends
on temperature together with a transition region. Generally, PPNa
polymer type-capped systems exhibit Arrhenius behavior at vari-
ous temperature range, providing activation energy values below
and above the transition region of a width of 20 ◦C in a measured
temperature range of around 120 ◦C. The conductivity isotherm at
low and high temperature can be fitted with Arrhenius equation as

follows [30]; �dc = �0exp(− Ea/kBT) with different activation ener-
gies of Ea = 0.197 eV at lower temperature and 0.701 eV at higher
temperatures, respectively. So, there would be two activation ener-
gies before and after transition temperature region of 80 ◦C. Where
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0 and Ea are the pre-exponential terms, and the activation energy
or each region, respectively, and kB (= 8.617385 × 10−5 eV/K) is the
oltzmann constant.

It is clearly found that electrical conductivity is strongly
ependent on temperature. So d.c. conductivity of the PPNa-
apped magnetite nanocomposites as in the case of both salicylic
cid–Fe3O4 [31] and poly(2-thiophen-3-yl-malonic acid)–Fe3O4
32] nanocomposite applications can be classified into three regions
ver a limited temperature range from RT up to approximately
50 ◦C. While general transition region of temperatures between
5 ◦C and 95 ◦C shows a metallic-like behavior, in this case at
round 80 ◦C, which means electrical conductivity decreases with
ncreasing temperature, d.c. electrical conductivity increases with
ncreasing temperature with the formulation of log �d.c. versus
/T before and after this region. Accordingly, this semiconduct-

ng phase in conductivity obeys Mott’s variable range hopping
echanism of the conduction because the conduction mecha-

ism of the nanocomposites shows a crossover from the Mott’s
aw, exp(− AT1/4) [33,34],  to a simply activated law, exp(− �E/kBT).
his dependence can be often conveyed in the transition region
between 60 ◦C and 90 ◦C) as a slope in logarithmic conductivity
ersus reciprocal temperature graphs. So this behavior is attributed
o the temperature-induced transition from 3D, to thermally acti-
ated behavior [35], where the physical meaning of the one fourth
xponent in Mott’s law can be ascribed to the reciprocal of the
ffective dimensionality of four (three spatial plus one energy) [36].
ere it should be emphasized that due to ferrites’ semiconducting
ature, the conductivity increases with increasing temperature.

.6.3. Permittivity
The impedance measurements of the complex dielectric per-

ittivity of the real ε′ and imaginary ε′′ parts of PPNa–Fe3O4
anocomposites were examined and the real part of permittiv-

ty as a function of frequency at various temperatures is shown
n Figs. 8 and 9(b) while those of PPNa polymers were illustrated in
igs. 8(a) and 9(a), respectively. In general, the real part of per-
ittivity of the nanocomposites studied at higher temperature

ecreases sharply with increasing frequency at lower frequency
ange while at higher temperatures the decline in real part is
ery slow and also the actual intensity at this temperature range
s quite low. This is an expected result because of reorganiza-
ion of nanocomposite at high temperature range as a whole and
hase transition when passed through the medium temperature
ange. At higher temperatures the variation of the real part of
ermittivity can be found to be less important to some extent

n applying external electric field with higher frequency. Simi-
ar attitude could be seen in the PPNa polymer form. However,
t higher frequency region real part of permittivity becomes less
emperature-dependent.

There are interesting differences in real parts of permittivity of
oth PPNa polymer and PPNa capped-ferrites nanocomposites that
round an angular frequency of 200 Hz, there has been a plateau
or all temperatures studied here while there is a smooth tendency
n the PPNa polymers. Another differentiation has been occurred
t an angular frequency, ω, of around 100 kHz. At lower frequency
eal parts were recorded to be sharp drop at higher temperatures
hile smooth variation was observed at lower temperature. In

eneral real permittivity for both the polymer and its counterpart
anocomposites could be considered to obey ε′(ω, T) = ε′(0)ω−n(T)

ithin some limited region of different power exponent n(T) as
hown in Fig. 9.

Imaginary part of dielectric permittivity of both PPNa polymers

nd its counterpart capped-Fe3O4 nanocomposites versus angular
requency for temperatures ranging from RT to 120 ◦C was studied
oncisely as shown in Figs. 6 and 4. From the fitting parameters,
ogarithmic imaginary part of the permittivity for both samples
Fig. 8. Real permittivity of (a) PPNa, (b) PPNa–Fe3O4 nanocomposites as a function
of  angular frequency for a temperature range of 20 ◦C up to120 ◦C.

increases with temperatures while the exponent “n” is also found
to vary with temperatures as shown in the relevant figure. Power
exponent, n, is observed to be very regular, especially at lower
frequencies. This attitude represents us that, on one hand, the
capacitive response of the nanocomposites is highly dependent
on temperature and furthermore, more dependent on the nature
of the reorganization of the PPNa capped magnetite NPs. On the
other hand, imaginary part is found to be dependent on reciprocal
angular frequency ε′′(ω, T) = ε′′(0)ω−n(T) of applied signal. Within
the frequency range of measurements the imaginary parts of the
effective permittivity of nanocomposites exhibit spectra which can
be analytically well represented by power laws. The associated
power law exponents of imaginary parts of the permittivity, are
well-developed in good agreement with data earlier reported [21].

Consequently, the dielectric constant increases usually with
increasing temperature as seen in semiconducting materials. In
some cases, the thermal energy converts the bound charges into
the charge carriers, and intensifying charge carrier concentra-
tion always provides easy alignment of dipoles in the applied
a.c. electrical field and accordingly increases in dielectric con-
stants. Furthermore, the mobility of the charge carriers increases by
increasing the temperature because of the building up in thermal

energy.

More additionally, the temperature dependency of the nanos-
tructural delocalization of PPNa–Fe3O4 nanocomposites has an
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nfluence on both conductivity and permittivity, and reorganization
volution continues while the temperature increases.

. Conclusion

We  have successfully polypropiolate sodium (PPNa)–Fe3O4
anocomposite and characterized it in detail for composition,
icrostructure, a.c.–d.c. conductivity performance, and dielectric

ermittivity. PPNa is assessed to be covalently bonded to the
e3O4 NP’s surface. The magnetic core size of superparamagnetic
PNa–Fe3O4 nanocomposite was found slightly smaller than the
ize obtained from TEM, which reveals a core–shell type of structure
ue to the magnetically dead layer. The reduced saturation mag-
etization of the nanocomposite was explained by spin canting.

t is pointed out that the a.c. conductivity of the nanocompos-
te studied here obeys the well-known conductivity power law
s functions of frequency in which its characteristic temperature
ependency also varies with the applied frequency range, say,
igh variations at lower frequency range while less sensitive at
igher range. Moreover, the characterization of d.c. conductiv-
ty has shown two operating regions of the activation energy of
.197 eV at lower temperature, and of 0.701 eV at higher tempera-
ure though reorganization process of nanocomposites took place
t higher temperature. It has been discussed that the temperature

[

[
[

mpounds 509 (2011) 8825– 8831 8831

dependency of both conductivity and permittivity has a crucial
indication in the nanostructural delocalization of PPNa–Fe3O4
nanocomposites, and reorganization evolution continues while the
temperature increases. Both real and imaginary parts of the per-
mittivity studied here exhibit almost the same attitude which is
the indication of the same capacity as in both energy storage,
and energy dissipation within the PPNa and PPNa-capped ferrite
nanocomposites.
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Kurzydlowski, Appl. Surf. Sci. 253 (2006) 204.
13] R. Pielaszek, Appl. Crystallography Proceedings of the XIX Conference, vol. 43,

Krakow Poland, 2003.
14] I.A. Badmaeva, N.V. Surovtsev, V.K. Malinovskii, L.L. Sveshnikova, J. Struct.

Chem. 51 (2010) 244.
15] K. Maeda, H. Goto, E. Yashima, Macromolecules 34 (2001) 1160.
16] Z. Durmus, Master Thesis, Fatih Univ., Istanbul, Turkey, (2009) 443.
17] T. Ozkaya, M.S. Toprak, A. Baykal, H. Kavas, Y. Koseoglu, B. Aktas, J. Alloy Compd.

18  (2009) 444.
18] L.J. Kirman, P.D. Fawell, W.V. Bronswijk, Langmuir 19 (2003) 5802.
19] J. Mürbe, A. Rechtenbach, T. Töpfer, Mater. Chem. Phys. 110 (2008) 426.
20] R.H. Kodama, A.E. Berkowitz, E.J. McNiff Jr., S. Foner, Phys. Rev. Lett. 77 (1996)

394.
21] X. Batlle, A. Labarta, J. Phys. D: Appl. Phys. 35 (2002) R15.
22] Z. Durmus, H. Erdemi, A. Aslan, M.S. Toprak, H. Sozeri, A. Baykal, Polyhedron 30

(2011) 419.
23] B. Ünal, Z. Durmus, A. Baykal, H. Sözeri, M.S. Toprak, L. Alpsoy, J. Alloy Compd.

505 (2010) 172.
24] A.E. Berkowitz, J.A. Lahut, I.S. Jacobs, L.M. Levinson, D.W. Forester, Phys. Rev.

Lett. 34 (1975) 594.
25] C. Kittel, Introduction to Solid State Physics, Wiley, New York, 1971.
26] Z. Durmus, H. Sozeri, B. Unal, A. Baykal, R. Topkaya, S. Kazan, M.S. Toprak,

Polyhedron 30 (2011) 322.
27] K. Uzun, E. Cevik, M.  Senel, H. Sozeri, A. Baykal, M.F. Abasıyanık, M.S. Toprak, J.

Nanopart. Res. doi:10.1007/s11051-010-9902-9.
28] S.U. Celik, A. Bozkurt, Eur. Polym. J. 44 (2008) 213.
29] Z. Durmus, B. Unal, M.S. Toprak, A. Aslan, A. Baykal, Physica B 406 (2011) 2298.
30] N.F. Mott, Philos. Mag. 19 (1969) 835.
31] B. Unal, Z. Durmus, H. Kavas, A. Baykal, M.S. Toprak, Mater. Chem. Phys. 123

(2010) 184.
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