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a  b  s  t  r  a  c  t

dl-Thioctic  acid  (DLTA)  coated  magnetite  (Fe3O4) NP’s  have  been  prepared  by the  co-precipitation  of
iron  oxide  in  the  presence  of  DLTA.  The  product  identified  as  magnetite,  which  has  an  average  crystallite
size  of  7  ±  2 nm  as estimated  from  X-ray  line  profile  fitting.  Particle  size  was  estimated  as  11  ±  1 nm
from  TEM  micrographs.  FT-IR  analysis  showed  that  the  binding  of DLTA  on the  surface  of  iron  oxide
is  through  carboxyl  group  is bidentate.  VSM  analysis  explained  the  super-paramagnetic  nature  of  the
eywords:
e3O4

anocomposite
urface modification
agnetic property
l-Thioctic acid

nanocomposite.  TG  analysis  showed  that  the  80%  of  the  nanocomposite  was  DLTA  and  10%  was  Fe3O4,
respectively.  The  conductivity  measurements  displayed  the  magnetic  transition  at  ∼60 ◦C  for  DLTA–Fe3O4

NPs.  Analysis  of  the  conductivities  reveals  the  fact  that  the  a.c.  conductivity  shows  a  frequency-dependent
behavior  while  d.c.  electrical  conductivity  is  strongly  temperature  dependent  and  is  classified  into  two
regions  over  a limited  temperature  range  of  up  to 120 ◦C.  Toxicity  was  tested  measured  by LDH  assay.

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

Magnetite (Fe3O4) is a common magnetic iron oxide that has a
ubic inverse spinel structure with fcc close packed oxygen anions
nd Fe cations occupying interstitial tetrahedral and octahedral
ites [1].  Due to its strong magnetic and semiconducting proper-
ies, magnetite (Fe3O4) is one of the preferred well-known filler

aterials, which is combined with polymers/nanocomposites to
e used as magnetic recording media, and in medical applica-
ions [2–7]. Therefore, magnetite has the potential for providing
he desired magnetic and electrical properties to the final
omposite.

Functionalization and modification of the surface of SPION
7–17] with various biocompatible and biodegradable materials
as been widely examined in biomedicine fields for cell separation
18], diagnostic magnetic resonance imaging (MRI) [19–21] drug
elivery systems (DDS) [22] and vaccine administration [23].
dl-Thioctic acid or dl-alpha-lipoic acid (DLTA) is a low molec-
lar weight dithiol antioxidant that is an important co-factor in
ultienzyme complexes in the mitochondria. Lipoic acid (LA)

s available from the diet, absorbed through the gut and eas-

∗ Corresponding author. Tel.: +90 212 866 33 00/2061; fax: +90 212 866 34 02.
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.2011.06.118
ily passes through the blood–brain barrier. As an antioxidant, LA
and its reduced form, dihydrolipoic acid (DHLA) are capable of
quenching reactive oxygen and nitrogen species such as hydroxyl
radicals, peroxyl radicals, superoxide, hypochlorous acid and per-
oxynitrite and chelating metals such as Cd2+, Fe3+, Cu2+ and Zn2+

[24,25].
Inorganic nanoparticles coated with conducting polymer to

form core/shell structured materials has been demonstrated
to be an effective strategy to enhance the stability of com-
posites and widen the applications because of the strong
electronic interaction between the inorganic core and polymer
shell [26].

The transport property (electronic/dielectric) properties of
DLTA–Fe3O4 have been rarely reported. To our knowledge, this
is the first report on the synthesis and characterization of
DLTA–Fe3O4 nanocomposite.

2. Experimental

2.1. Chemicals
All chemicals (FeCl3·2H2O, FeCl2·4H2O, dl-Thioctic acid (DLTA)) were obtained
from Merck and used without further purification. Lactate dehydrogenase (LDH) and
WST-I Cell Proliferation kits were purchased from Roche (Basel, Switzerland). Fetal
bovine serum (sigma), RPMI-1640, penicillin/streptomycin, and l-glutamine were
purchased from Invitrogen (Paisley, UK).

dx.doi.org/10.1016/j.jallcom.2011.06.118
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.2011.06.118
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of DLTA and two sharp bands at 2924 and 2854 cm were
attributed to asymmetric and symmetric CH2 stretching vibrations,
respectively.
E. Karaoğlu et al. / Journal of Alloys

.2.  Instrumentation

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

Transmission electron microscopy (TEM) analysis was performed using a FEI
ecnai G2 Sphera microscope. A drop of diluted sample in alcohol was dripped on a
EM grid.

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 were recorded in order to investigate the nature of the chemical
onds formed.

The real (ε′) and imaginary (ε′′) parts of complex dielectric permittivity ε ∗ [=
′(ω) + iε′′(ω)] were measured with a Novocontrol dielectric-impedance analyzer.
he dielectric data (ε′ and ε′′) were collected during heating as a function of fre-
uency. The films were sandwiched between gold blocking electrodes and the
onductivities were measured in the frequency range 0.1 Hz to 3 MHz  at 10 ◦C inter-
als. The temperature was  controlled with a Novocontrol cryosystem, which is
pplicable between 20 and 120 ◦C.

VSM measurements were performed by 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 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.

.3. Procedure

.3.1. Synthesis of nanocomposite
To an aqueous solution of a mixture of Fe(III) and Fe(II) salts, dl-Thioctic acid

olution in the molar ratio 2Fe(III):1Fe(II):4 dl-Thioctic acid was added and kept at
 constant temperature of 40 ◦C for 15 min  under vigorous stirring. Then a solution
f  ammonium hydroxide was added until the pH was raised to ∼11 at which a
lack suspension was formed. This suspension was then refluxed at 80 ◦C for 6 h,
nder vigorous stirring and Ar gas. dl-Thioctic acid coated iron oxide (DLTA–Fe3O4)
anocomposite was separated from the aqueous solution by magnetic decantation,
ashed with distilled water several times and then dried in an oven overnight.

.3.2. LDH test
The human lymphocyte cells were isolated from heparinized blood samples

y  density-gradient centrifugation over Histopaque washed twice with RPMI-1640
nd resuspended in RPMI-1640 supplemented with 5% human AB serum, 100 U/ml
enicillin/streptomycin and 2 mM l-glutamine. Cellular injury was  determined by
easuring the LDH released into the cell culture medium. LDH was assayed by mea-

uring the increase of NADH absorbance at 490 nm and at 25 ◦C, using a Biotek Power
ave XS mode Elisa Reader (Unico, NJ, USA). Human lymphocyte cells at 2 × 106/ml
ere treated with 0.08, 0.4, 2, 10 and 20 �g/ml DLTA and DLTA coated iron oxide
Ps for 24 h, 48 h and 72 h at 37 ◦C in 5% CO2. DLTA concentrations were modified
ccording to DLTA physiologic doses [27]. Then, LDH activity released from human
ymphocyte cells into the culture medium, which represents cell death, was deter-

ined with an LDH kit as described previously [15,28,29].  Triton X 100 was used as
 positive control. All measurements were done three times.

. Results and discussion

.1. XRD analysis

Phase investigation of the crystalline product was performed
y XRD and the diffraction pattern is presented in Fig. 1. The XRD
attern indicates that the product consists of magnetite, Fe3O4, and
he diffraction peaks are broadened owing to very small crystallite
ize. All of the observed diffraction peaks are indexed by the cubic
tructure of Fe3O4 (JCPDS no. 19-629) revealing a high phase purity
f magnetite. The following reaction is suggested for the formation
f magnetite:

e2+
(aq) + 2Fe3+

(aq) + 8OH−
(aq) → Fe3O4(s) + 4H2O

he mean size of the crystallites was estimated from the diffrac-
ion pattern by line profile fitting method using Eq. (1) given in

30,31]. The line profile, shown in Fig. 1 was fitted for observed
ix peaks with the following miller indices: (2 2 0), (3 1 1), (4 0 0),
4 2 2), (5 1 1), and (4 4 0). The average crystallite size, D and �, was
btained as 7 ± 2 nm because of this line profile fitting.
Fig. 1. XRD powder pattern and line profile fitting of DLTA–Fe3O4 nanocomposite.

3.2. FT-IR analysis

The structure of DLTA is given in Fig. 2a in which carboxylic acid
is clearly visible. FT-IR spectra of Fe3O4 NPs, DLTA–Fe3O4 nanocom-
posite, and DLTA along with suggested conjugation scheme of
DLTA onto Fe3O4 NP’s are presented in Fig. 2a–c, respectively.
In the spectrum for DLTA presented in Fig. 2c, the strong band
at 1700 cm−1 could be indicative of the free carboxyl group

−1
Fig. 2. FTIR spectra of (a) Fe3O4 NP’s, (b) DLTA–Fe3O4 nanocomposite, (c) DLTA, and
(d)  suggested linkage of DLTA to iron oxide surface.
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Fig. 3. (a) TEM micrograph of DLTA–Fe3O4 nanocomposite and (b)

The intense peak at 1700 cm−1 was derived from the exis-
ence of the C O stretch, and the band at 1290 cm−1 exhibited
he presence of the C–O stretch. It is worth to note that the

 O stretch band of the carboxyl group, which was  present at
700 cm−1 in the curve (c), spectrum of the DLTA was absent in
he curve (b), spectrum of the coated nanoparticles. In addition,
wo new bands were observed at 1541 and 1639 cm−1, which
ere characteristic of the asymmetric �as (COO−) and the sym-
etric �s (COO−) stretch, instead. This result can be explained
ith the bonding pattern of the carboxylic acids on the sur-

ace of the nanoparticle, which was combination of molecules
onded symmetrically and molecules bonded at an angle to
he surface [7,14,15,17,32,33].  These results revealed that DLTA
ere chemisorbed onto the Fe3O4 NP’s as a carboxylate. The

nteraction between the carboxylate head and the metal atom
as categorized as four types monodentate, bridging (bidentate),

helating (bidentate), and ionic interaction [32,34,35].  According
o Zhang et al. [36] the wave number separation, D, between
he �as (COO−) and �s (COO−) IR bands can be used to distin-
uish the type of the interaction between the carboxylate head
nd the metal atom. The largest D (200–320 cm−1) was corre-
ponding to the monodentate interaction and the smallest D
<110 cm−1) was for the chelating bidentate. The medium range D
140–190 cm−1) was for the bridging bidentate [36]. In this study,
he D (1625–1547 = 78 cm−1) was ascribed to chelating bidentate,

here the interaction between the COO− group and the Fe atom
as covalent (Fig. 2b). The inorganic lattice vibration appears in

he range 400–700 cm−1. As prepared powder presents character-
stic peaks that are exhibited by the commercial magnetite powder:
lated histogram from several TEM images with log-normal fitting.

metal–oxygen band, �1, observed at 590 cm−1 corresponds to
intrinsic stretching vibrations of the metal at tetrahedral site
(Fetetra → O), whereas metal–oxygen band observed at 445 cm−1;
�2, is assigned to octahedral-metal stretching (Feocta → O) (Fig. 2a)
[7,14,15,17,34].

3.3. TEM analysis

The morphology and size distribution of DLTA–Fe3O4 nanocom-
posite was analyzed using TEM. A few micrographs at different
magnifications, a histogram calculated thereof are presented in
Fig. 3. The Fe3O4 nanoparticles exhibit a near spherical morphol-
ogy at low magnification. The average particle size, calculated by
log-normal fitting to the size distribution histogram, obtained was
11 ± 1 nm.  As compared with the crystallite size obtained from X-
ray line profile fitting, particle size calculated from TEM is larger
due to the capping effect [37–39].

3.4. TG analysis

Thermal stability of DLTA and DLTA–Fe3O4 nanocomposite was
analyzed by TGA and thermograms are presented in Fig. 4a and b,
respectively. DLTA shows two-step weight loss behavior (Fig. 4b).
The initial weight loss up to 100 ◦C is due to residual water; second
step involves the decomposition of DLTA which started after 250 ◦C

and continued up to 300 ◦C. DLTA–Fe3O4 nanocomposite undergoes
similar decomposition steps as that of DLTA, but it has some-
how greater stability due to interaction between DLTA and Fe3O4.
Derivative weight loss (DTG) curves of the DLTA and DLTA–Fe3O4
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Fig. 4. TGA thermograms of (a) DLTA–Fe3O4 nanocomposite and (b) DLTA.

anocomposite are also illustrated in the inset of Fig. 4. Based on
he thermogram, DLTA is 10% of the DLTA–Fe3O4 nanocomposite
hich means an inorganic content is about 80%.

.5. Magnetic characterization

Room temperature M–H  hysteresis curve of TDLA-coated mag-
etite is shown in Fig. 5. It shows the absence of coercivity and
emanence. It shows non-hysteric behavior. Besides, magnetization
ncreases with external field and does not saturate up to 15 kOe.
hese are characteristic features of super-paramagnetic (SP) parti-
les with grain sized less than 20 nm.  A saturation magnetization
Ms) value of the nanocomposite is calculated from a plot of M
s. 1/H (M at 1/H ≥ 0) as 49 emu/g, which is considerably lower
han that of the bulk magnetite (92 emu/g) [40]. When this Ms

alue is normalized to the real mass of the magnetite, saturation
agnetization becomes 62 emu/g that is still far from the the-

retical Ms of this material. Reduced magnetization is generally
bserved in SP magnetite particles [12,14,41–43] and explained
y spin canting together with presence of disordered spins at the
urface [12,14,42–44]. As particle size decreases, effect of surface
pins to the overall magnetization increases due to the presence of
 considerably high fraction of all spins on the surface. Other than
hese two effects, adsorption of surfactant molecules to the surface
f magnetite particles can be another reason of the low magne-

150001000050000-5000-10000-15000

-60

-40

-20

0

20

40

60
 DLTA-Fe3O4 
 Normalized weight
 Langevin Fit

M
, e

m
u/

g

H, Oe

Fig. 5. Room temperature M–H  curve for DLTA–Fe3O4 nanocomposite.
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tization values in the nanocomposites. When magnetite is coated
with DLTA, adsorption of surfactant molecules occurs through oxy-
gen atoms that is observed from the FT-IR analysis, see Fig. 2d. As
a result, some of the spins of the oxygen atoms, close to the sur-
face, are pinned and do not contribute to the magnetization of the
composite. This pinning also weakens the super exchange inter-
action between Fe–O–Fe atoms, thus, overall magnetization of the
nanocomposite decreases further.

It is also possible to calculate the average particle size of the
magnetite using the room temperature M-H  hysteresis curve by
assuming that they are weakly or non-interacting SP particles.
Magnetization of SP particles can be described by the Langevin
function which should be fit to the experimental data. Then, mean
magnetic moment (�) of particles is found to determine average
particle size (D). Langevin function was fitted to the M–H  curve of
the composite material that is normalize to the mass of magnetite
and mean magnetic moment was  determined as 7786 �B. This is
inserted in � = Ms��D3/6, where � is the density of the magnetite
particles ≈5.18 g/cm3, and average particle sizes are found to be
7.65 ± 2.00 nm.  This agrees well with the particle sizes determined
from XRD patterns within the given uncertainities.

3.6. Temperature and frequency dependent conductivity and
dielectric permittivity measurements

3.6.1. Conductivity
It is essential to describe the behavior of the nanocompos-

ites under different temperatures in order to understand the
conductivity characteristics of this nanocomposite sample. The
physical characteristics of nanocomposites such as density and
orientation of the organic particles are considerably varied with
temperature depending on the nanoparticle content in nanocom-
posite materials. The low density and random orientations of
organic nanoparticles in pure samples give rise to weak connect-
ing among the polymeric nanostructures through the boundaries
of nanocrystallites those results in relatively low conductivity.
In nanocomposite samples, the organic samples grow on Fe3O4
nanoparticle leading to diverse grainy nature as well. Therefore, an
enhancement of the density of the composite materials is obtained.
With increase in the content of magnetite nanoparticles, the links
between the crystallites of the conducting organic nanoparticles are
improved since the density in the samples increases. Consequently,
the coupling through the crystallite boundaries becomes stronger
which eventually brings about the improvement of the macroscopic
conductivity measured in the nanocomposite structure.

In the beginning, the magnetite nanoparticles surrounded by
DLTA form a random network at low temperatures, and when
temperature is increased regularly, nanocomposites become more
organized. This phenomenon is described as a formation of the
temperature-assisted nanolattice which results in the change of
overall conductivity with temperature because of reorganization
of temperature related boundings between magnetite and DLTA.

3.6.2. a.c. conductivity
The a.c. conductivities, �ac(ω) of Fe3O4 NPs and DLTA–Fe3O4

nanocomposite as a function of frequency and temperature are dis-
played in Fig. 6a and b. Frequency dependent a.c. conductivities,
�ac(ω), have been derived using the equation [1]:

� ′(ω) = �ac(ω) = ε′′(ω)ωε0

where � ′(ω) is the real part of conductivity, ω (=2�f) is the

angular frequency ε′′ is the imaginary part of complex dielec-
tric permittivity (ε*) and ε0 (=8.852 × 10−14 F cm−1) is the vacuum
permittivity. Fig. 6a shows that the curves of a.c. conductivity of
Fe3O4 NPs increases regularly with temperature and does not show
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ig. 6. (a) The a.c. conductivity versus frequency dependence for Fe3O4 at var-
ous temperatures. (b) The a.c. conductivity versus frequency dependence for
LTA–Fe3O4 nanocomposite at various temperatures.

ependency on frequency particularly at lower frequency regime
hereas it is strongly temperature dependent and varies in the

rder of 10−4.25 to 10−3.25 S/cm.
The a.c. conductivity of DLTA–Fe3O4 nanocomposite versus

requency for various temperatures comprises well-developed con-
uctivity plateau regions. The plateaus start at 1 kHz and shift to
igher frequencies up to 100 kHz at high temperatures (Fig. 6b). A
ignificant increase is observed at higher frequencies at all tem-
erature ranges which is assigned to the ‘normal’ dispersion in
olymers [45]. The �ac increases rapidly with almost equivalent
lope as temperature increases but it becomes more apparent and
eparated above phase transition temperature of about 60 ◦C which
lso corresponds to the melting temperature of the pure DLTA. Such

 dramatic increase in a.c. conductivity at this temperature can be
escribed by the contribution of the local dynamics, hydrodynamic
ransport and percolation of the nanocomposites [46]. The small
rregularities at low frequency zone and in low temperature region
re due to the blocking electrode polarizations and reorganization
f the nanoparticles over a phase transition temperature that is
onsistent with previously reported similar systems [12,13,17].

A comparison between the conductivities of the Fe3O4 and
LTA–Fe3O4 nanocomposites shows that the composites have

ower conductivity. The free surface charge in the medium may
ecrease due to the surface bonding between Fe3O4 and DLTA that
esults in a lower conductivity. The reason for the observation of

requency-independent plateau at low frequency regime of about
ess than 10 kHz and at temperatures over 60 ◦C is the percolation
f magnetite across DLTA coated magnetite nanocomposites. The
ecrease in a.c. conductivity at temperatures below 60 ◦C and at
ompounds 509 (2011) 9218– 9225

frequencies below 1 kHz is due to a lack of a percolated magnetite
path. As a result, the overall nanocomposite conductivity is mainly
due to the contribution of very low a.c. conductivity of DLTA in this
frequency range, which constantly decreases with frequency. At the
same time, the conductivity at temperatures above 60 ◦C remains
constant or slightly shifts to a threshold frequency of 10 kHz or
increases regularly over a frequency of 1 MHz  for all temperature
ranges which results from the weakness of the frequency response
on hopping conduction.

The nanocomposite network response assembles to a well-
defined region at low temperatures between frequency 1 Hz
and 1 kHz. In this region, the current flows through both the
semiconducting-like magnetite and dielectric-like DLTA. The
arrangement of the magnetite NPs and dielectrics such as DLTA
in individual nanocomposite network is less important since cur-
rent flows through all the components that result in a network
independent response [17,47]. The a.c. conductivity of nanocom-
posites begins to increase linearly in log–log plots with frequency
region above 1 kHz (T < 70 ◦C), due to the increases of conductivity
of the DLTA coated magnetite at low temperature while the changes
are smaller as temperature increases. It shows that a.c. conduc-
tivity of the capacitive component of the nanocomposite is much
higher than that of the semiconducting magnetite. Consequently,
the conductivity shows a frequency-dependent behavior that is
determined by the magnetite connected via high conductivity of
the capacitive component in nanocomposite. There is substantial
change in the realization of distribution of the nanocomposite since
the low and high frequency response is determined by the random
magnetite distribution in the nanocomposite. The conductivity of
the nanocomposites should increase continuously with frequency
if a percolated path of DLTA across the nanocomposite is present.

3.6.3. d.c. conductivity
The d.c. conductivities of Fe3O4, DLTA and DLTA–Fe3O4

nanocomposite versus reciprocal temperature are displayed in
Fig. 7. The frequency independent conductivity is identified with
the d.c. conductivity (�dc) which was  derived obtained from the
well-developed plateau region in graphs of �ac vs. Freq. by linear fit-
tings. In non-plateau regions, the middle region was  fitted linearly
to reduce the effect of electrode polarization and dispersion.

In magnetite nanocomposites, the major conduction takes place
by hopping process since ionic or vacant sites charge carriers pro-
vide low mobility systems like ferrites. Electron hopping occurs
between the neighboring iron cations with two and three valence.
In this process, drift mobility of charge carriers increases by increas-
ing temperature resulting an increase in d.c. conductivity. The
influence of a number of parameters such as porosity, chemi-
cal composition and particle size and cation distribution on the
conductivity of magnetite has been discussed in previous reports
[48–50].

The d.c. conductivity curves exhibits significant influence of
temperature on conductivity involving a transition region. The d.c.
curves of magnetite increases regularly with temperature show-
ing no transition as a result single activation energy is identified
whereas DLTA–Fe3O4 nanocomposite shows a transition over 60 ◦C
providing two values of the activation energies below and above
transition temperature. It is clear that this transition temperature
is strongly associated with melting temperature of DLTA. There-
fore, the transition above 60 ◦C can be attributed to both magnetic

transformation of Fe3O4 and melting of the polymer-like organic
component that has been already discussed in literature [51]. It has
been reported that the single crystals of iron oxide have magnetic
transformation in the temperature range of 70–190 ◦C. The con-
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ig. 7. The d.c. conductivity of (a) Fe3O4, (b) DLTA and (c) DLTA–Fe3O4 nanocom-
osite versus reciprocal temperature.

uctivity curves at all temperatures can be fitted with Arrhenius
quation as follows:

og � = log �0 − Ea

kT

here �0 and Ea are the pre-exponential term, and the acti-
ation energy for each transition region, respectively, and k
=8.617 × 10−5 eV K−1) signifies the Boltzmann constant [52]. Two
ifferent activation energies (Ea = 1.109 eV and 6.630 eV) were
btained from the slope of the curves for DLTA–Fe3O4 nanocom-
osite before and after transition temperature region. Additionally,
he activation energy for DLTA was found to be 4.435 eV. The high
ctivation energy values may  explain the reason of having such
ow d.c. conductivities. The determined activation energy value of

agnetite (0.045 eV) is consistent with earlier reported d.c. acti-
ation energy [53]. The d.c. conductivity of the nanocomposites
n Arrhenius plots represents a regular increment as a function
f temperature providing a curvature around transition temper-
ture of 60 ◦C as shown in Fig. 7c. Complete reorganization of the
LTA capped magnetite NPs occurs over a temperature of 70 ◦C. As

 result, d.c. conductivity increases with the reciprocal temperature
p to 60 ◦C and then a transition region takes place at a temperature
ange of 60–70 ◦C. Above 70 ◦C it increases again rapidly with recip-
ocal temperature in Arrhenius plot. This behavior is mainly due to
he influence of the thermal energy exerted on polymer-like-DLTA
t about 60 ◦C (Fig. 7a and b) [52].

Consequently, the measured electrical conductivity is strongly
ependent on temperature and this dependence is often expressed
s a slope in logarithmic conductivity versus reciprocal tempera-
ure graphs. This behavior is attributed to the temperature-induced
ransition from 3D, to thermally activated behavior [54]. It should
lso be emphasized that due to semiconducting nature of mag-
etite, two different tendencies of activation energy occur around
0 ◦C, and both obey Arrhenius formulation of log �dc versus 1/T
efore and after this locality.

.6.4. Permittivity
The complex permittivity parameters of real ε′ and imaginary

′′ parts DLTA–Fe3O4 nanocomposites as a function of frequency

t various temperature are displayed in Fig. 8a and b, respectively.
t is seen that the real part of permittivity of the nanocomposites
xhibits a sharp exponential decay with frequency at low temper-
tures and at low frequency range while it shows a slight decline
Fig. 8. Real (a) ε′ and imaginary (b) ε′′ parts of permittivity of DLTA–Fe3O4 nanocom-
posite as a function of frequency at various temperatures.

at high temperatures comprising a curve around 1 kHz over 70 ◦C.
This result is due to the reorganization of nanocomposite at high
temperature range as a whole and phase transition when passed
through the medium temperature range. It can be also concluded
that the variation of the real part of permittivity at high tempera-
tures is less important to some extent in applying external electric
field with high frequency.

Imaginary part of the permittivity as a function of frequency
for various temperatures was  investigated briefly as displayed
in Fig. 8b. It represents a linear decrease with frequency which
becomes more significant at higher temperatures. This linearity
corresponds to the d.c conductivity which is described by the equa-
tion ε′′

dc = �dc(ωCo), where �dc is the d.c. conductance and Co is the
vacuum capacitance for the unfilled cell in which the electrode plate
spacing is equal to the sample thickness [55]. This may also confirm
dependency of the conduction mechanism both on temperature
and on the nature of the reorganization due to the structural dif-
fusion. It is, however, clear that the capacitive response of the
nanocomposites is more temperature dependent rather nature of
the reorganization of the DLTA–Fe3O4. Additionally, It should be
pointed that the conductivity relaxation is predominant over other
dielectric relaxations within the given the frequency and temper-

ature since ε′′

conduct 	 ε′′
relax [56].

The Koop’s theory that is based on the Maxwell–Wagner
model for the homogeneous double structure may  help to explain
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egative controls after 24 h and 48 h incubation time period.

he frequency dependent dielectric dispersion curve [57]. In this
omogeneous double structure, the highly conducting grains are
eparated by moderately poor conducting grain boundaries which
re found to be more effective at higher frequencies, while grains
re more effective at lower frequencies [58]. The conductivity dif-
erence between grains and grain boundaries displays different
esistances that lead to the accumulation of charge carriers in sep-
rated boundaries and enhancement in dielectric constants.

The polarization mechanism in ferrites is similar to the con-
uction process by electron exchange between Fe2+ and Fe3+ in
hich the local displacement of electrons arises in the direction

f the applied field determining the polarization. The polariza-
ion decreases and reaches to a constant value as the frequency
ncreases because the electron exchange between Fe2+ and Fe3+ is
ot as fast as the variation-alternating field. It has been already
eported that the large value of dielectric constant at lower fre-
uency is due to the predominance of species like Fe2+ ions, oxygen
acancies, grain boundary defects, etc. [59]. This expected result
eflects the fact that any species contributing to polarizability is
ound to exhibit lagging behind the applied field at higher frequen-
ies hence causing a decrease in dielectric constant with frequency
60].

Moreover, the imaginary part of the relative dielectric permittiv-
ty of nanocomposite exhibits spectra within the frequency range of

easurement which can be analytically wellrepresented by power
aws (ε′′(f) = Af−n). The inset in Fig. 8b shows the variation of the
xponent “n” with temperature and the correlated power law expo-
ents are in the range of 0.92–1.03 which is consistent with data
eported in the literature [61]. This behavior is also similar for
he imaginary part of the permittivity. The observed characteris-
ic nature of the DLTA–Fe3O4 nanocomposite seems to be similar
o that of its conductivity as shown in previous studies and the
nset in Fig. 8b is given for comparison [57]. As seen in Fig. 8b, the
maginary part of permittivity remains unchanged for various tem-
eratures particularly at high frequency range while the exponent
n” exhibits linear increase with temperatures up to 60 ◦C and then
t continues to increase linearly with significant change in slope
ver the transition temperature. This expected result is due to the
eorganization of nanocomposite at a certain temperature limit.
fter complete reorganization of the DLTA capped magnetite NPs

he curve achieves a constant value and then begins to decrease as
emperature increases further.

Consequently, the dielectric constant increases generally with
ncreasing temperature as seen in semiconductors. The thermal
nergy converts the bound charges to the charge carriers. The
ncrease in charge carrier concentration always results in easy
lignment of dipoles in the applied a.c. electrical field and accord-

ngly increases in dielectric constants. It should be also noted that
he mobility of the charge carriers increases by increasing the tem-
erature because of the increase in thermal energy.

[
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3.7. Toxicity

LDH activity test results for various doses of DLTA, DLTA–Fe3O4,
positive and negative controls after 24 h and 48 h incubation time-
period. According to this activity test both DLTA and DLTA–Fe3O4
nanocomposite do not have any toxic effect (Fig. 9).

4. Conclusion

We  have successfully synthesized DLTA coated iron oxide
nanoparticles and characterized it in detail for composition,
microstructure, a.c.–d.c. conductivity performance, and dielec-
tric permittivity. FT-IR study showed that DLTA assessed to be
covalently bonded to the iron oxide nanoparticle surface via car-
boxyl groups. Thermal analysis showed that about 80% of the
nanocomposite was Fe3O4 and 20% was  DLTA. The average par-
ticle size obtained from VSM was found to be 7.65 ± 2 nm. This
agrees well with the crystallite size and particle size determined
from XRD patterns and TEM micrographs within the given uncer-
tainities, respectively. VSM showed the superparamagnetic nature
of the nanocomposite. The conductivity measurements revealed
semiconductor conduction characteristics, and two trends were
observed, as a function of frequency and temperature. Analysis
of conductivity and dielectric permittivity functions suggest that
the conduction mechanism depends both on temperature and on
the nature of the reorganization of the nanocomposite due to the
structural diffusion. Permittivity measurements showed increasing
dielectric constant with increasing temperature as expected from
semiconductors.
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