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Abstract Polyvinylimidazole (PVIm)-grafted su-

perparamagnetic iron oxide nanoparticles (SPION)

(Si-PVIm-grafted Fe3O4 NPs) were prepared by

grafting of telomere of PVIm on the SPION. The

product identified as magnetite, which has an average

crystallite size of 9 ± 2 nm as estimated from X-ray

line profile fitting. Particle size was estimated as

10.0 ± 0.5 nm from TEM micrographs. Mean particle

size is found as 8.4 ± 1.0 nm which agrees well with

the values calculated from XRD patterns (9 ± 2 nm).

Vibrating Sample Magnetometer (VSM) analysis

explained the superparamagnetic nature of the nano-

composite. Thermogravimetric analysis showed that

the Si-Imi is 25 % of the Si-PVIm-grafted SPION,

which means an inorganic content is about 75 %.

Detailed electrical and dielectric properties of the

properties of the product are also presented. The

conductivity of the sample increases significantly with

temperature and has the value in the range of

1.14 9 10-7–1.78 9 10-4 S cm-1. Analysis of the

real and imaginary parts of the permittivities indicated

temperature and frequency dependency representing

interfacial polarization and temperature-assisted reor-

ganization effects.

Keywords SPION � Magnetic nanomaterials �
Conductivity � Permittivity � Magnetization �
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Introduction

Recently functionalized nanomaterials have gained

importance due to their unusual optical, electrical, and

molecular properties which find numerous technolog-

ical applications including those in biomedical indus-

tries (Bajaj et al. 2010). Surface modification by graft

polymerization is a versatile method for the molecular

design of solid surfaces to enhance their physical and

chemical properties for specific applications (Takafuji

et al. 2004). Surface modification of magnetic parti-

cles by organic compounds can be achieved via four

major avenues: organic vapor condensation, polymer

coating, surfactant adsorption, and direct silanation of

silane-coupling agents (Takafuji et al. 2004).

In addition to colloidal stability and shelf-life,

surface functionalization also plays a prominent role

in defining a nanostructure’s behavior in the target

system, including cellular internalization, targeting,

epsonization, and bio-compatibility.
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Well-defined polymer brushes can be incorporated

on substrate surfaces via robust covalent bonds to

render the surface with excellent mechanical and

chemical protection, alter the electrochemical charac-

teristics of the interface, and provide new surface

functionality (Yuan et al. 2010; Deligöz et al. 2012a,

b; Aydin et al. 2012; Paulsen et al. 2004). Polymer

coatings can enhance compatibility with organic

ingredients, reduce susceptibility to leaching, and

protect particle surfaces from oxidation. Encapsula-

tion or dispersion of magnetic nanoparticles into

organic polymers to form magnetic composites

endows materials with some important properties that

bare uncoated particles lack (Deligöz et al. 2012b).

Silica coating on the surface of nanosize iron oxide

particles, for example, could help prevent their aggre-

gation in liquids, improve their chemical stability, and

control of surface properties (Butterworth et al. 2001).

Silica is a nontoxic and biocompatible material and has

been widely used to improve the stability of nanopar-

ticles in a basic environment (Nishio et al. 2007; Yang

et al. 2010; Setyawan et al. 2012). Silica is surface

terminated with silanols (–SiOH), allowing for silica-

coated magnetite nanoparticles can be easily modified

with many functional groups, such as amines, thiols,

and carboxyl groups. This covalent modification of the

particle surfaces with biological molecules, such as

drugs, proteins, enzymes, antibodies, or nucleotides,

creates magnetite nanoparticles that can be used for

biomedical applications (Kim et al. 2003).

It is known that the polymer with terminal reactive

groups can be grafted onto a surface of inorganic

materials, and this grafting technique allows applica-

tions of the hybrid materials to many important fields

(Takafuji et al. 2004; Kim et al. 2003; Vogt et al. 2010;

De et al. 2011). Excellent features of the ferrite/

polymer composites make them quite attractive for

applications not only as inductive and capacitive

materials but also as microwave absorber materials.

These characteristics are related to a sharply reduced

dielectric loss compared to that of bulk ferrites (Kavas

et al. 2010). Takafuji et al. (2004) synthesized the

poly(1-vinylimidazole)-grafted magnetic nanoparti-

cles for the removal of metal ions. Yuan et al. (2010)

prepared the poly(1-vinylimidazole)-grafted copper

surface that improves the corrosion resistance of

copper. Poly(1-vinyl-1,2,4-triazole) (PVTri)–Fe3O4

nanocomposite with conducting character was synthe-

sized via wet chemical process by Kavas et al. (2010).

The main purpose of this study is the synthesis and

characterization of polyvinylimidazole-grafted super-

paramagnetic iron oxide nanoparticles (Si-PVIm-

grafted SPION). To the best of our knowledge, this

study is the first for the fabrication, magnetic, and

electrical evaluation of Si-PVIm-grafted SPION. The

product was evaluated for its physicochemical, mag-

netic, conductivity, and dielectric permittivity prop-

erties, and evaluation results are presented in detail.

Experimental

Materials and instrumentation

Ferric chloride hexahydrate, ferrous chloride tetrahy-

drate, 1-vinylimidazole (VIm), 3-mercaptopropyltri-

methoxysilane (MPS), and 2,20-azobis (isobutyronitrile)

(AIBN) were purchased from Fluka and Across Chem-

ical Co. and used without further purification. All other

chemicals were of analytical grade and were used without

further purification.

X-ray powder diffraction (XRD) analysis was

conducted on a Rigaku Smart Lab Diffractometer

operated at 40 kV and 35 mA using Cu Ka radiation.

High-resolution transmission electron microscopy

(HR-TEM) analysis was performed using a JEOL JEM

2100 microscope. A drop of diluted sample in alcohol

was dripped on a TEM grid.

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 in the range of 4000–400 cm-1 were

recorded in order to investigate the nature of the

chemical bonds formed.

The thermal stability was determined by thermo-

gravimetric 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 using a

vibrating sample magnetometer (LDJ Electronics

Inc., Model 9600). The magnetization measurements

were carried out in an external field up to 15 kOe at

room temperature.

The electrical properties of the product were studied

in the temperature range of 20–120 �C with a heating rate
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of 10 �C/s. The sample was used in the form of circular

pellets of 13 mm diameter and 3 mm thickness. The

pellets (both nanocomposite and pristine) were sand-

wiched between gold electrodes, and the conductivities

were measured using novocontrol dielectric impedance

analyzer in the frequency range of 1 Hz–3 MHz,

respectively. The temperature (between -100 and

250 �C) was controlled with a Novocool Cryosystem.

Preparation of Fe3O4 (MNP)

An aqueous suspension of Fe3O4 was prepared using

controlled co-precipitation method as reported earlier

(Uzun et al. 2010). Briefly, 25 mL of 1 M FeCl3�6H2O,

0.5 M FeCl2�4H2O, and 0.4 M HCl was prepared as a

source of iron by dissolving the respective chemicals in

Milli-Q water under vigorous stirring. The co-precipi-

tation of MNP was carried out in a reactor with high-

speed mechanical stirring (2,000 rpm) by adding the

iron solution to 250 mL of 0.5 M NaOH, which was

preheated to 80 �C before the co-precipitation reaction.

N2 was used during the reaction to prevent critical

oxidation. Black powder was collected by sedimenta-

tion with a help of an external magnetic field and washed

several times with Milli-Q water until stable ferrofluid

was obtained. Finally, the superparamagnetic nanopar-

ticles were re-dispersed in an aqueous solution by

changing the pH to 11 with TMAOH (5 wt%).

Preparation of poly(1-vinylimidazole) (Si-PVIm)

Telomerization of poly(1-vinylimidazole) was accom-

plished by dissolving 1-vinylimidazole monomer

(50 mmol) and MPS (2 mmol) in benzene (10 mL),

followed by the addition of 2 wt% AIBN (Takafuji

et al. 2004). The mixture was degassed using Argon

gas and sealed under vacuum. After degassing, the

tubes were placed in constant temperature baths

controlled to 80 �C. After 2 days, white precipitates

were formed upon the addition of diethyl ether to the

residue solution at -20 �C. Precipitated copolymer

was washed with diethyl ether and re-precipitated in

this manner two more times. Precipitated product was

then dried under vacuum.

Silanization of MNP

The synthesized Si-PVIm was silanized onto nanosize

magnetic particles in toluene/methanol (with volume

ratio of 80:20) solution at the reflux temperature for

2 days (Fig. 1). The silanized particles were washed

repeatedly with organic solvents and collected by

centrifugation. After washing, the particles were dried

in vacuum.

Result and discussion

XRD analysis

Phase investigation of the crystalline product was

performed by XRD, and the diffraction pattern is

presented in Fig. 2. The XRD pattern indicates that the

product consists of magnetite, Fe3O4, and the diffrac-

tion peaks are broadened owing to very small crystal-

lite size. All of the observed diffraction peaks are

Fig. 1 Synthesis of Si-

PVIm-grafted SPION
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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 (Wejrzanowski et al. 2006; Pielaszek

2003). The line profile shown in Fig. 2 was fitted for

observed six peaks with the following miller indices:

(220), (311), (400), (422), (511), and (440). The

average crystallite size, D and r, was obtained as

9 ± 2 nm as a result of this line profile fitting.

Thermogravimetric analysis

TGA curves of pure Fe3O4, Si-PVIm-grafted SPION,

and Si-Imi were presented in Fig. 3a–c, respectively,

which can be used for a quantitative comparison of

degradation behavior of different samples. As it was

shown in Fig. 3a, pure iron oxide shows no weight loss

in the temperature range of TG analysis. On the other

hand, degradation is seen in the TGA curves of both

Si-Imi and Si-PVIm-grafted SPION. Degradation of

Si-Imi over the iron oxide begins at a much lower

temperature. This behavior could originate from the

fact that iron oxide particles behave as catalysts thus

reducing the degradation temperature of Si-Imi.

Moreover, temperature range between degradation of

Si-Imi is wider than that for the nanocomposite. This

result might also be attributed to catalytic effects of

nanoparticles for the degradation of Si-Imi. Similar

behavior was also observed for degradation of PEG

and Carnosine over various nanoparticles (Karaoğlu

et al. 2011a, b; Durmus et al. 2011a). Si-PVIm-grafted

SPION shows a slight weight loss, while Si-Imi

exhibits a considerable thermal stability up to 400 �C.

Based on the thermogram, Si-Imi is 25 % of the Si-

PVIm-grafted SPION, which means an inorganic

content is about 75 %.

TEM analysis

Morphology and particle size of Si-PVIm-grafted

SPION were investigated by TEM, and micrographs

along with the histogram calculated thereof are given

in Fig. 4a, b, respectively. Very small nanoparticles

are visible in Fig. 4a. Log-normal fitting of particle

size distribution histogram obtained by counting 75

particles from various TEM micrographs (Fig. 4b)

yielded an average particle size of 10.0 ± 0.5 nm.

Fe3O4 particles exhibit near spherical morphology

Comparison of crystallite size obtained from X-ray

line profile fitting with the particle size observed from

TEM suggests that Fe3O4-Si-Imi NPs have a mixture

of single- and polycrystalline character.

FT-IR analysis

Figure 5a–c shows FT-IR spectra of uncoated mag-

netite, Si-PVIm, and Si-PVIm-grafted SPION, respec-

tively. The presence of the iron oxide nanoparticles

evidenced by the strong absorption bands at

around 570–590 cm-1 that confirm the metal–oxygen

Fig. 2 XRD powder pattern and line profile fitting of Si-PVIm-

grafted SPION

Fig. 3 TGA thermograms of a pure Fe3O4, b Si-PVIm-grafted

SPION, and c Si-Imi

Page 4 of 13 J Nanopart Res (2012) 14:988

123



stretching is present in Fig. 5a, b (Aydin et al. 2012;

Karaoğlu et al. 2011c; Ozkaya et al. 2009; Yue et al.

2011; Durmus et al. 2009; Kirwan et al. 2003; Durmus

2009; Bhowmik and Naresh 2010). Figure 5c shows

the FT-IR spectra of SPION before and after the

immobilization of the Si-PVIm. As shown in this

figure, the spectral features of poly(1-vinylimidazole)

(Fig. 5a) are observed on Si-PVIm-grafted SPION

(Fig. 5c) by the presence of vibration bands at 1496,

1415, and 1225 cm-1, from imidazole cycles, respec-

tively [additionally stretching vibrations of azole C–H

(1,100 and 1,080 cm-1) and bending vibrations of

heterocycles (917, 827, and 744 cm-1)] (Takafuji

et al. 2004; Annenkov et al. 2006; Lippert et al. 1985).

The presence of peaks around 2,920 and 2,855 cm-1

confirmed the presence of C–H group (Kim et al. 2003;

Vogt et al. 2010; Unal et al. 2010a; Baykal et al. 2010).

The new peak appeared at *1,000 cm-1 after silane

modification, which is the characteristic peak for the

Si–O bond (Park et al. 2010; Cao et al. 2009; Nguyen

et al. 2011). These bands are absent on the spectrum of

untreated SPION shown in Fig. 5b.

VSM measurements

Room temperature magnetization curve of Si-PVIm-

grafted SPION is shown in Fig. 6. M–H hysteresis

curve has an immeasurable coercivity and rema-

nence. In addition, magnetization of the samples

increases with external magnetic field without

reaching to a saturation even at 1.5 T. These are

characteristic features of the superparamagnetic

nanoparticles. Specific saturation magnetization of

the sample is 63 emu/g at 15 kOe. However, this

value should be normalized to the weight of the

magnetic core which is about 80 % of the total.

Then, Ms of the SPION becomes 75.5 emu/g which

is still far from the theoretically predicted value

Fig. 4 a, b TEM

micrographs with different

magnifications and

c calculated histogram from

several TEM images with

log-normal fitting of Si-

PVIm-grafted SPION
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(i.e., 92 emu/g). The possible reason in nanoparticle

systems is the difference in spin ordering at the

surface of particles over that in the bulk, setting up a

magnetic core–shell configuration. Surface effects

dominate the properties of the nanoparticles since

decreasing the particle size increases the surface to

core spin ratio. Surface effects result from the lack

of translational symmetry at the boundaries of the

particle due to the lower coordination number and

existence of broken magnetic exchange bonds which

lead to the surface spin disorder and frustration. The

magnetization of the Si-PVIm-grafted SPION is

further reduced most probably by adsorption of the

surfactant molecules to the surface of the magnetite

core. This occurs over the oxygen atoms on the

surface of SPIONs. Some of the free electrons, i.e.,

magnetic moments, are used in this process. Hence,

reduced Ms can be ascribed to surface spin disorder,

canting and adsorption of surfactant molecules to the

surface of SPIONs (Kodama et al. 1996a; Batlle and

Labarta 2002).

Magnetization of SPIONs can be described by the

Langevin function (Eq. 1) which can be used to

determine the particle size.

M ¼ Ms coth
lH

kBT

� �
� kBT

lH

� �
; ð1Þ

where l denotes the mean magnetic moment of a

single particle, H is applied field, and kBT corresponds

to the thermal energy of the particles. The Langevin

relation considers each particle as a magnetic monod-

omain. The relationship, Eq. 2, between the mean

magnetic moment of a particle and saturation magne-

tization of system of particles can be used to calculate

average particle size, D.

l ¼ MspqD3

6
; ð2Þ

where q is the density of the sample.

Mean magnetic moment, which is used as a fitting

parameter, is determined by fitting Eq. 1 to M–

H hysteresis curve of the composite that is normalized

to the bulk mass, as 12,602lB at 300 K. Then, using

this value, mean particle size is found as 8.4 ± 1.0 nm

which agrees well with the values calculated from

XRD patterns (9 ± 2 nm).

Conductivity measurements

AC conductivity

The alternating current (ac) conductivity of the Si-

PVIm-grafted SPION was measured from 20 to

120 �C by means of impedance spectroscopy as a

function of frequency and temperature. The fre-

quency-dependent ac conductivity graph of Si-

PVIm-grafted SPION is displayed in Fig. 7. Fre-

quency-dependent ac conductivity, rac(x), has been

obtained using the following equation:
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Fig. 5 FT-IR spectra of a Si-PVIm, b bulk Fe3O4 NPs, and
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measured M–H hysteresis curve and is used to determine

average particle size
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r0ðxÞ ¼ racðxÞ ¼ e00ðxÞxe0 ð3Þ

where r0(x) is the real part of conductivity, x(=2pf) is

the angular frequency, e00 is the imaginary part of

complex dielectric permittivity (e*), and e0 (=8.852 9

10 – 14 F cm-1) is the vacuum permittivity.

It is seen from Fig. 7, the curves of ac conductivity

versus frequency for various temperatures comprise

well-developed conductivity plateau regions particu-

larly at low frequencies at low temperatures, while the

conductivity plateau regions broaden toward higher

frequencies at higher temperatures. The frequency-

dependent ac conductivity curves exhibit a general trend

at all temperatures in the log–log plot. Figure 7 shows

that ac conductivities increase regularly with tempera-

ture and do not show frequency-dependent behavior

particularly at lower frequency regime whereas it is

strongly temperature dependent. The ac conductivities

were measured as 1.2 9 10-7 and 1.7 9 10-4 S cm-1

for 20 and 120 �C at 100 Hz, respectively, while the

conductivities were found to be 5.5 9 10-6 and

1.97 9 10-4 S cm-1 at 1 MHz for the same tempera-

tures. It has been shown in previous studies that this

phenomenon is a strong indication for ionic conductivity

(Baykal et al. 2010; Unal et al. 2010b). The ac

conductivity of the nanoparticle increases significantly

(more than 102 times) with temperature until phase

transition temperature of about 65 �C.

This remarkable enhancement in ac conductivity of

Si-PVIm-grafted SPION as temperature increases may

be described by the increasing mobility of charge

carrier sites due to the contribution of the local

dynamics and percolation of the nanocomposites.

Initially, Fe3O4 nanoparticles surrounded by

Si-PVIm can form a random network at low

temperatures, and when the temperature is increased

gradually, the nanoparticles become more organized

and exhibit more capacitive behavior and weak

frequency response on hopping conduction which

leads to an increase in electrical conductivity.

Moreover, Fe3O4 nanoparticles may also interact

with each other leading a percolated path that

electrical current flows through both semiconducting

Fe3O4 nanoparticles and Si-PVIm with the applied

temperature as reported in the literature (Deligöz

et al. 2012a; Karaoğlu et al. 2011c; Temizel et al.

2011; Bhattacharyya et al. 2000). This phenomenon

can be called as a temperature-assisted formation of

the organized X-surrounded magnetite NPs which

results in modification of overall conductivities with

temperatures. Complete reorganization of the sali-

cylic Si-PVIm-grafted SPION takes place over a

temperature of 65 �C. Accordingly, the ac conduc-

tivity increases regularly with reciprocal temperature

in Arrhenius plot up to 60 �C, and then a transi-

tion region takes place at a temperature range of

60–70 �C. It starts to increase again sharply with

reciprocal temperature over 70 �C. This is essen-

tially due to the influence of the thermal energy

exerted on polymer-like material at about 65 �C.

Concerning the frequency dependence of ac con-

ductivity, it is clearly seen that the Si-PVIm-grafted

SPION displayed a frequency-dependent conductiv-

ity at higher frequencies. The ac conductivity of

samples increase linearly with frequency region due

to the increases of conductivity of Si-PVIm-grafted

SPION at high temperatures particularly over tran-

sition temperature of 65 �C and frequency of about

10 kHz, whereas no changes are recorded at low-

frequency zone. In other word, the conductivities

are comparable at high frequencies particularly at

1 MHz and independent of temperature while it

shows a more temperature-dependent behavior at

low frequencies. This situation may also be consid-

ered as an evidence for ionic conductivity (Unal

et al. 2010a). Additionally, the sharply defined

power law was proposed to describe the tempera-

ture-independent behavior of several low-mobility

Fig. 7 The variation of ac conductivity of Si-PVIm-grafted

SPION as a function of frequency and temperature
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polymers and even for crystalline materials, non-

crystalline, and liquid semiconductors:

racðxÞ ¼ A � xn ð4Þ

where x is the angular frequency, n is the frequency

exponent, and A is a temperature-independent constant

(Bouamrane and Almond 2003; Qu et al. 2001). The

curves of a low-frequency plateau followed by a

power law region at high frequencies can be explained

qualitatively with the graphs in Fig. 8, and also the

variations of n value with temperature are given in the

inset of the figure. Frequency exponent ‘‘n’’ values

were calculated from the slopes of log rac–log x graph

by fitting the data to Eq. 2, and n values were found to

be in the range of 0.06–1.01 for Si-PVIm-grafted

SPION. It is clearly seen that frequency exponent

n values of nanoparticles significantly decreased with

temperature which is in agreement with the previous

results reported for amorphous materials (Hallouet

et al. 2007; Afandiyeva et al. 2008). The change of

n values with temperature is a strong evidence for

thermally activated polarization mechanism, as a

result the lower n values from the ac measurements

can be explained by strong electrode polarization if we

suppose that the conduction mechanism is based on

ion migration in the applied electric field. Subse-

quently, it shows us that a kind of temperature-

dependent reorganization of Si-PVIm-grafted SPION

occurs within the range of phase transition in nano-

composite matrices.

dc conductivity

The variation of direct current (dc) conductivities of

Si-PVIm-grafted SPION versus reciprocal tempera-

ture is displayed in Fig. 9. The dc conductivities were

derived from the well-developed plateau region in

graphs of rac versus freq. by linear fittings.

As it can be seen from Fig. 9, the dc conductivity

curves exhibit significant influence of temperature on

conductivity involving a transition region. In general,

Si-PVIm-grafted SPION exhibits Arrhenius behavior

within the applied temperature range of 20–120 �C

providing two different activation energies below and

above the transition region. The conductivity isotherm

at low and high temperature can be fitted with

Arrhenius equation as follows:

log rdc ¼ log r0 � Ea=kBT ð5Þ

where rdc is the dc conductivity, r0 is the pre-

exponential term, Ea is the activation energy, kB is the

Boltzmann constant (8.617 9 10-5 eV K-1), and T is

the temperature in K. The activation energy, Ea, values

were calculated from the slope of the curve before

(20–65 �C) and after (65–120 �C) transition temper-

ature region, and Ea values were found to be

Ea1 = 0.152 and Ea2 = 0.517 eV, respectively. The

Si-PVIm-grafted SPION shows better conductivities

as compared with similar work though it has higher

activation energies (Deligöz et al. 2012). The reason of

this relative higher conductivity can be interpreted as

Fig. 8 Plots of log rac versus log xmax of Si-PVIm-grafted

SPION

Fig. 9 The variation of dc conductivity and n versus inverse

temperature (inset) of Si-PVIm-grafted SPION
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having lower transition temperature zone; therefore,

conductivity increases significantly and exhibits

remarkable difference as compared with previous

work at same temperature above transition regime.

Permittivity

The frequency and temperature-dependent complex

permittivity parameters, real (e0) and imaginary (e00)
parts, of Si-PVIm-grafted SPION in the frequency

range 1–3 9 106 Hz and temperature range

20–120 �C are shown in Figs. 10 and 11, respectively.

In general, the real part of permittivity of the

nanoparticles exhibits a sharp exponential decay with

frequency at low-frequency range at low temperatures,

while the decline in real part is relatively slow at

higher temperatures and frequencies, and also the

actual intensity at this frequency range is quite low.

This expected consequence is certainly due to the

reorganization of nanocomposite at high-temperature

range as a whole and phase transition (65 �C) when

passed through the medium temperature range (Dur-

mus et al. 2011a). It shows a slight curvature over

transition temperature around 1 kHz. The curves

retained their shapes, however, shifted slightly to

higher frequencies with temperature. It is a typical

behavior for polymers or polymer-like materials that e0

decreases constantly with increasing frequency which

has been also observed for Si-PVIm-grafted SPION.

The variation of real part of dielectric permittivity at

higher frequency regime is quite small which can be

described by frequency dependence of the polarization

mechanisms. It is known that dielectric constant is

correlated to how fast the polarizable units in a

polymer orient to keep up with the oscillations of an

applied alternating electric field. The orientational

polarization decreases with increasing frequency,

because the orientation of dipole moments requires a

longer time than electronic and ionic polarizations that

result in a significant decline in the real part of

dielectric permittivity. Additionally, the variation of e0

with frequency indicates the existence of material

electrode interface polarization processes taking place

at low frequencies (Ukishima et al. 1997).

In general, the real part of dielectric permittivity

increases with temperature due to the molecular

orientation and arrangement (Yakuphanoglu et al.

2003). As it can be seen from Fig. 10, real part of

dielectric permittivity increases with temperature

because of the development of interfaces between

Si-PVIm and SPION as reported in the literature. As a

result, real part of dielectric permittivity of Si-PVIm-

grafted SPION increases markedly until the temper-

ature of about 80 �C, and then increment lessens or e0

slightly declines beyond this temperature particularly

at lower frequencies. It is also known that silane bonds

are quite flexible which may lead Si-PVIm-grafted

SPION to behave as rubber-like as a result nanopar-

ticles may readily interact with each other providing a

percolated path that will assist the conduction. Sub-

sequently, the dielectric constant increases usually

with temperature as seen in semiconductors. The

Fig. 10 Real (e0) part of permittivity of Si-PVIm-grafted

SPION as a function of frequency at various temperatures

Fig. 11 Imaginary (e00) part of permittivity of Si-PVIm-grafted

SPION as a function of frequency at various temperatures
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thermal energy converts the bound charges to the

charge carriers causing an increase in charge carrier

concentration which always leads to easy alignment of

dipoles in the applied ac electrical field and accord-

ingly increases in dielectric constants. It should be also

emphasized that the mobility of the charge carriers

enhances by elevating the temperature because of the

increase in thermal energy.

The variations of imaginary part of the permittivity,

called as dielectric loss (e’’), with frequency are

displayed in Fig. 11. It is clearly seen that e’’ of

Si-PVIm-grafted SPION decreases linearly with

frequency and reaches a minimum which becomes

more considerable at lower temperatures. It should be

noted that Si-PVIm-grafted SPION system comprises

a heterogeneous double structure having the highly

conducting grains which are separated by moderately

poor conducting grain boundaries. The grain bound-

aries are effective at lower frequencies and the grains

at higher frequencies (Batoo et al. 2009). Regarding

the polarization mechanism, therefore, more energy is

required for the polarization in the grain boundaries at

lower frequencies which results in high-energy loss,

whereas less energy is required for polarization in the

grains and causing small energy loss at high frequen-

cies. Consequently, interface polarization is leading at

lower frequencies, while other mechanisms such as

electronic and ionic exist at higher frequencies

(Deligöz et al. 2012; Iqbal and Ismail 2010; Unal

et al. 2011; Tsangaris et al. 1998). The imaginary part

of permittivity turns out to be less sensitive to both

frequency and temperature, and stays nearly same at

high frequency (100 kHz–3 MHz) particularly at

lower temperatures as reported earlier (Mürbe et al.

2008).

Electrical modulus

To study the influence of polarization on conductivity

of nanoparticles, electrical modulus formalism is a

quite versatile method. The real (M0) and imagi-

nary (M00) part of the complex dielectric modulus

versus frequency are presented in Figs. 12 and 13,

respectively.

The real and imaginary components of electrical

modulus are calculated using e0 and e00 data (Batlle and

Labarta 2002; Kodama et al. 1996a, b; Durmus et al.

2011b, c):

M� ¼ 1

e�
¼ M0 þ iM00 ! M� ¼ e0 þ ie00

e02 þ e002
ð6Þ

At low frequency, the variation of dielectric

constant with frequency shows the presence of mate-

rial electrode interface polarization processes. The

frequency dependence of ac conductivity follows

the universal power law with a small deviation in

the low-frequency region according to the equation

M0ðT;xÞ ¼ M00ðTÞxn; where n changes from 0.23 to

1.32 with variation of temperature (Fig. 12, inset). The

change of n with temperature is a strong suggestion for

polarization effect. The frequency dependency of real

part of modulus persist up to 1 kHz for a temperature

Fig. 12 Real part of modulus (M0) of Si-PVIm-grafted SPION

as a function of frequency at various temperatures

Fig. 13 Imaginary part of modulus (M00) of Si-PVIm-grafted

SPION as a function of frequency at various temperatures
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of 20 �C, while it shows this dependency up to 1 MHz

for 120 �C. If we go to higher frequencies, the change

of M0 becomes insignificant or remains nearly constant

for all temperatures which is consistent with previ-

ously reported studies (Deligöz et al. 2012b; Mott and

Davis 1979; Coey and Khalafalla 1972).

The imaginary part (M00) is a useful way in order to

suppress the effect of electrode polarization at lower

frequencies. The imaginary part of electrical modulus

increases regularly with temperature particularly at

low-temperature regime, and then it shows a maxi-

mum which shifts to higher frequencies (from 1 kHz

to 1 MHz) at higher temperatures. This non-Debye

behavior is a consequence of distributions of relaxa-

tion time and because of non-exponential approach of

electrical functions. In other words, it may be assigned

to the temperature-assisted reorganization effect due

to the remarkable structural difference of nanoparti-

cles. The maximum of the peaks indicates the

conductivity relaxation times and as a consequence

related to the conductivity. It can be concluded from

the plot that the polarization effect on this nanoparticle

is unavoidable.

Conclusions

In this study, Si-PVIm-grafted SPION with conduct-

ing and magnetic characteristics was synthesized by

wet chemical processes for the first time. Si-PVIm

has been synthesized in a separate process and

was then coated/adsorbed on synthesized magnetite

nanoparticles.

The ac conductivity shows a temperature-depen-

dent behavior at low frequencies, whereas it has

frequency-dependent behavior at high frequencies.

The dc conductivity is strongly temperature dependent

and shows two different trends before and after

transition zone. Activation energies (Ea) of Si-PVIm-

grafted Fe3O4 are found to be 0.152 and 0.517 eV in

these two different zones, respectively. The variation

of n values with temperature confirms thermally

activated polarization mechanism. Dielectric mea-

surements suggest that conduction mechanism

depends both on temperature and on the nature of

the reorganization of the nanocomposite. Dielectric

constants increased with temperature and decreased

with frequency as seen in semiconductors. The real

and imaginary part of electrical modulus increases

regularly with temperature, exhibiting a maximum

which shifts to higher frequencies.

All the properties found in this nanosystem imply a

wide variety of biomedical applications as a very

promising drug carrier and bioseparator and metal ions

separation from waste water.
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