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a b s t r a c t

l-Histidine capped iron oxide nanoparticles (HCIO) have been synthesized in one pot in the presence of
l-histidine. The final product was analyzed for composition, microstructure, ac–dc conductivity perfor-
mance as well as dielectric permittivity. Results revealed that magnetic nanoparticles are maghemite
(or magnetite) and l-histidine is covalently bonded to the nanoparticle surface via carboxyl groups.
Thermal analysis revealed that magnetic nanoparticles showed catalytic effect that caused an early degra-
dation/decomposition of the l-histidine capping. Near spherical morphology was assessed by TEM and
agnetic nanoparticles
urface modification
agnetic property conductivity

particle size calculated from TEM analysis and crystallite size calculated from XRD analysis reveal single
crystalline nature of iron oxide NPs. Magnetic measurements reveal the superparamagnetic character
of the nanoparticles, hence the nanocomposite. The ac conductivity showed a temperature-dependent
behavior at low frequencies and temperature independent behavior at high frequencies which is an indi-
cation of ionic conductivity. The dc conductivity of the nanocomposites is found to obey the Arrhenius plot

f 0.93
lyme
with activation energy o
suggest that ionic and po

. Introduction

Transition metal oxides have been of scientific and techno-
ogical interest for many decades due to their interesting optical,

agnetic, electrical and catalytical properties. Among these, mag-
etite (Fe3O4) is a common magnetic iron oxide that has a cubic

nverse spinel structure with fcc close packed oxygens and Fe
ations occupying interstitial tetrahedral and octahedral sites
1]. Magnetite unit cell can be represented with the formula
Fe8

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

2+]BO32, where A and B indicates tetrahedral
nd octahedral positioning, respectively. The electrons can hop
etween Fe2+ and Fe3+ ions in the octahedral sites at room tem-
erature, rendering magnetite an important class of half-metallic
aterials [2,3].
In clinical area, magnetic nanoparticles are used as delivery sys-

ems for drugs [4], in medical diagnosis [5], hyperthermia [6], and

ell separation [7]. Most of these applications require chemically
table, well-dispersed and uniform size particles. For this reason,
ew technologies in synthesis and methods of analysis have been
eveloped. One of the effective approaches for preventing particle

∗ 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 © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.022
4 eV. Analysis of electrical modulus and dielectric permittivity functions
r segmental motions are strongly coupled in the nanocomposite.

© 2010 Elsevier B.V. All rights reserved.

agglomeration is to coat nanoparticles with polymers or other tar-
geting agents, taking into account their biocompatibility. Among
the chemicals which may be used towards achieving this aim,
aminoacids are suitable because they play a very important role
in the body [8]. Aminoacids are very desirable chemicals as lig-
ands anchored with magnetic nanoparticles. Therapy with amino
acid imbalance or with amino acids as a dose of nutrients has been
widely used to treat cancer sufferers because some amino acids
reduced tumor cells. Excess of amino acid, would lead to the tumor
cell shrinking or even dying out [9–11].

The importance of histidine lies in the fact that the body
uses it to manufacture histamine, and histamine is responsible
for a wide range of physiological processes. In therapy, histidine
has been claimed of being useful in decreasing blood pressure
because of its vasodilatory effects. Also it is used as supple-
ment in therapy of rheumatoid arthritis, and is, like many other
aminoacids, important for growth and general tissue repair. The
ability of histidine to act as an electron donor and, thereby,
to neutralize singlet oxygen and the hydroxyl radical results in

improved contractility and heart function during a heart attack
or cardiologycal procedures such heart bypass, heart transplant,
angioplasty [12].

In a recent worked we reported on the a spontaneous,
single-step synthesis of magnetic nanoparticulate spheres using

dx.doi.org/10.1016/j.jallcom.2010.06.022
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.2010.06.022
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3.3. TGA analysis

Thermograms of iron oxide (Fe3O4), l-histidine and HCIO are
presented in Fig. 3, which can be used for a quantitative com-
B. Ünal et al. / Journal of Alloys

combination of positively charged poly-l-lysine and negatively
harged iron oxide nanoparticles [13]. In this study, we aim at a
ew synthesis route to prepare aminoacid modified iron oxide in
ne step. To our knowledge, only few studies about the capping
f the aminoacids on the surface of the magnetic nanoparticles
ere realized [14,9]. This process may have potential applications

o synthesize other aminoacid capped nanoparticle configurations,
ncluding essential aminoacids and some proteins coating. In addi-
ion, the synthesized aminoacid-coated magnetic nanoparticles

ight be applied to cell separation, diagnosis and targeted drug
elivery for cancer therapy.

. Experimental

.1. Synthesis

All chemicals (FeCl3·2H2O, FeCl2·4H2O, l-histidine) were obtained from
erck and were used without further purification. To an aqueous solution of
mixture of Fe(III) and Fe(II) salts, l-histidine solution in the molar ratio

Fe(III):1Fe(II):4 l-histidine was added and kept at a constant temperature of
0 ◦C for 15 min under vigorous stirring. Then a solution of ammonium hydrox-

de was added till the pH was raised to ∼11 at which a black suspension was
ormed. This suspension was then refluxed at 80 ◦C for 6 h, under vigorous stirring
nd Ar gas. HCIO particles were separated from the aqueous solution by magnetic
ecantation washed with distilled water several times and then dried in an oven
vernight.

.2. Characterization

X-ray powder diffraction (XRD) analysis was conducted on a Huber JSODebye-
ex 1001 Diffractometer 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 PerkinElmer 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 ana-
yzer. The dielectric data (ε′ , ε′′) were collected during heating as a function of
requency. The films were sandwiched between gold blocking electrodes and the
onductivities were measured in the frequency range 0.1 Hz to 1 MHz at 10 ◦C inter-
als. The temperature was controlled with a Novocontrol cryosystem, which is
pplicable between −100 and 250 ◦C.

VSM measurements were performed by using a Vibrating sample magnetometer
LDJ Electronics Inc., Model 9600). The magnetization measurements were carried
ut in an extenal field up to 15 kOe at room temperature.

The thermal stability was determined by thermogravimetric analysis (TGA,
erkinElmer 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.

. Results and discussion

.1. XRD analysis

Phase investigation of the crystallized 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,
nd the diffraction peaks are broadened owing to very small crys-
allite size. All of the observed diffraction peaks are indexed by
he cubic structure of Fe3O4 (JCPDS no. 19-629) revealing a high
hase purity of magnetite. EDX analysis also confirmed this for-
ula. The mean size of the crystallites was estimated from the

iffraction pattern by line profile fitting method using the Eq. (1)

iven in Refs. [15,16]. The line profile, shown in Fig. 1 was fitted
or observed six peaks with the following miller indices: (2 2 0),
3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 0). The average crystallite size,

and �, was obtained as 7 ± 1 nm as a result of this line profile
tting.
Fig. 1. XRD pattern and line profile fitting of HCIO nanoparticles.

3.2. FT-IR analysis

FT-IR spectra of iron oxide, l-histidine, HCIO nanoparticles
and suggested linkage of l-histidine to iron oxide surface are
given in Fig. 2(a)–(d). The presence of the iron oxide nanopar-
ticles is evidenced by the strong absorbtion bands at around
570–590 cm−1 that confirm the metal-oxygen streching, present in
Fig. 2(a) and (b) [17–20]. In the spectrum pure l-histidine (Fig. 2(c))
the characteristic NH2 stretching frequencies of l-histidine is
observed at ∼3330 cm−1, and asymmetric and symmetric stretch-
ing frequencies of carboxylate (COO−) are observed at 1635 cm−1

�as(COO−) and 1411 cm−1 �s(COO−), respectively [18,21]. In the
spectrum for HCIO (Fig. 2(c)), the vibrations of asymmetric
and symmetric stretching of carboxyl anion occurred at 1607
and 1392 cm−1. Also the peak at ∼3400 cm−1 (Fig. 1(c)) is
assigned to N–H stretching [22] in agreement with the vibra-
tions of some aminocarboxylates and carboxylates reported
earlier [23]. According to these results, FT-IR analyses suggest
that l-histidine remains chemisorbed on the surface of iron
oxide.
Fig. 2. FT-IR spectra of (a) iron oxide, (b) l-histidine and (c) HCIO nanoparticles (d)
suggested linkage of l-histidine to iron oxide surface.
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Fig. 3. TGA thermograms of (a) Fe3O4 NP’s (b) HCIO, and (c) l-histidine.

arison of degradation behavior of samples. Iron oxide shows no
eight loss in the temperature range of TG analysis. On the other
and, the two-stage degradation is seen in the TGA curves of both
-histidine and HCIO samples. l-Histidine also yields residue which
ndicates coke formation due to pyrolytic conditions under nitro-

en. Unfortunately, the weight percent of this residue could not
e determined due to the heating range of our TGA instrument.
erivative weight loss (DTG) curves of the l-histidine and HCIO are
lso illustrated in the inset of Fig. 3 which shows a similar behav-

ig. 4. (a and b) TEM micrographs of l-histidine-coated iron oxide (HCIO) NP’s at differen
rom several TEM images with log-normal fitting.
Fig. 5. Room temperature magnetization curve of HCIO nanoparticles.

ior in the degradation of these two samples. HCIO sample shows
a slight weight change up to 140–150 ◦C which is ascribed to the
release of physiosorbed water, while l-histidine exhibits a consid-
erable thermal stability up to 300 ◦C. Degradation of l-histidine

over the iron oxide begins at a much lower temperature. This
behavior could be originated from the fact that iron oxide particles
behave as catalysts thus reducing the degradation temperature of l-
histidine.

t magnifications, in the inset is shown the SAED pattern; (c) Calculated histogram
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Fig. 6. ac conductivity of (a) l-histidine and (b) HCIO nanoparticles.
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Fig. 7. (a) dc conductivity of HCIO nanoparticles (b) exponen

.4. TEM analysis

Morphology and size distribution of l-histidine coated iron
xide NPs was analyzed using TEM. Few micrographs at dif-
erent magnifications and a histogram calculated thereof are
resented in Fig. 4. Fe3O4 particles exhibit dominantly near spher-

cal morphology. SAED pattern of HCIO is given in the inset of
ig. 4(b) which reveals crystalline nature of iron oxide nanopar-
icles. Average particle size calculated by log-normal fitting to
he size distribution histogram, was obtained as 8.5 ± 0.25 nm.
s compared with the crystallite size from X-ray line profile fit-

ing, this reflects nearly single crystaline nature of the Fe3O4
anoparticles.
.5. Magnetization measurements

Fig. 5 shows the room temperature magnetization curve of the
CIO nanoparticles. The saturation magnetization is determined as

Fig. 8. (a) The real and (b) imaginary pa
l-histidine as a function of temperature for low frequencies.

45.5 emu/g which is considerably lower than the theoretical Ms of
the bulk magnetite (92 emu/g). This reduction is expected in NPs
as the surface magnetic order can be affected by the structural dis-
tortions that can cause spin canting and existence of non-magnetic
surface layer [24,25]. HCIO NPs do not saturate in an external field
of 15 kOe. Moreover, there is no measurable coercivity and rem-
anance. The weaker magnetization and lack of saturation have often
been observed in iron oxide NPs [25,26]. All of these observations
are characteristic features of superparamagnetic NPs having parti-
cle size smaller than 16 nm [27].

Magnetization of superparamagnetic particles can be described
by the Langevin function which can be used to determine the
particle size. Theoretical fitting to M(H) curve in Fig. 5 gives the

mean magnetic moment of the coated magnetite NPs as 5.616�B.
Thus, using this value with the known Ms (45.5 emu/g), mean par-
ticle size is obtained as 7.6 ± 1.9 nm which agrees well with the
values estimated from both TEM histogram and XRD line profile
fitting.

rt of the permittivity of HCIO NPs.
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Fig. 9. (a) Real and (b) imagina

.6. dc–ac conductivity, and permittivity evaluation

The ac conductivity, �ac (ω) of the HCIO nanoparticles has
een measured from 20 up to 150 ◦C using impedance spec-
roscopy. Frequency-dependent ac conductivities, �ac (ω), have
een obtained using the following standard equation [28,29];

′(ω) = �ac(ω) = ∈ ′′(ω)ωε0 (1)

here � ′(ω) is the real part of conductivity, ω(=2�f) is the
ngular frequency of the signal applied to the samples, ∈ ′′ is
he imaginary part of complex dielectric permittivity ( ∈ ∗) and
0(=8.852 × 10−14 F/cm) is the vacuum permittivity.

The ac conductivity of l-histidine for various temperatures is
hown in Fig. 6(a). It is clear that the ac conductivity under a certain
requency, ∼1 kHz for RT, 10 kHz for 150 ◦C, increases with temper-
ture and is given with a frequency dependency of �ac(ω, T) = �0ωn

or each of the relevant temperatures. Here exponent “n” is found to
e linearly dependent on temperature for low frequencies of less
han 10 kHz as n(T) = a − sT where a, s are constants calculated
rom the curve of Fig. 6(b). However, at high frequencies ac conduc-
ivity varies with the same way but independent of temperature. In
ther word, ac conductivity over a frequency of 100 kHz obeys the
ule of the temperature independent expression of �ac(ω) = �0ωn

ith an exponent “n” of about 2, where n is independent of tem-
erature.
The ac conductivity of HCIO nanopaticles as a function of fre-
uency at various temperatures is illustrated in Fig. 6(b). It is found
rom the log–log graph that, initially, the frequency independency
f the conductivity at low frequency region exists. Then, after a
ertain frequency value, which is strongly temperature-dependent,

Fig. 10. (a) Real (b) imaginary part o
t of permittivity of l-histidine.

it becomes a form of �ac(ω, T) = �0(T)ωn where the exponent “n”
varies between 0.6 and 0.7 depending on the temperature.

The dc conductivity of HCIO nanoparticles is presented in
Fig. 7(a). From the graph dc conductivity of the nanocompos-
ites is found to obey the thermally activated conduction rule of
�dc = �0 exp(Ea/kBT) with activation energy of 0.934 eV. This rep-
resents the influence of the temperature on the conductivity of
nanocomposites; a typical degree of the influence on conductivity
of temperature.

When the frequency dependency of ac conductivity for both l-
histidine and HCIO nanoparticles are compared with each other, it
is clear that the conductivity at low frequencies is relevant to the
nature of pure l-histidine structures like polymers [30]. However,
l-histidine-capped-magnetite can modify the dependency of con-
ductivity as a function of both temperature and frequency when
compared with the pure one. As a result, because of the nature of
both temperature and frequency dependency, the conductivity of
HCIO NPs can be attributed to the ionic conductivity [31,32].

The real and imaginary parts of the complex permittivity of
HCIO NPs are illustrated in Fig. 8(a) and (b), respectively. The real
part of permittivity, which is related to the stored energy within
the medium, is remained almost unchanged at low temperature
while over a temperature of 130 ◦C is increased sharply up to a fre-
quency of 15 Hz and saturated over it and again it happened as in
the low temperature case (see the graph in the inset of Fig. 8(a)).

The imaginary part of the permittivity, which is related to the dis-
sipation (or loss) of energy within the medium, is found to be
well-known attitude of the frequency dependency which can be
expressed as ε′′(ω) = ε′′(0)ω−n where ε′′(0) is independent of fre-
quency, but temperature-dependent up to 10 kHz (20 ◦C) to 1 MHz

f modulus of pure l-histidine.
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Fig. 11. (a) Real (b) imaginary p

150 ◦C), n is about unity for all temperatures studied here. At high
requency the imaginary part of permittivity becomes less sensi-
ive to both frequency and temperature, tends to be stabilized as
eported earlier [33]. These results for both real and imaginary part
f the permittivity are attributed to the ionic relaxation process
lthough dipolar contributions also exist at high frequency region
34,35].

The real and imaginary part of permittivity of l-histidine is
hown in Fig. 9(a) and (b), respectively. Both components of the
ermittivity decreased exponentially and stabilized when reached
round a frequency of 1 kHz and this stabilization continues up to
00 kHz, after that decreased sharply and stabilized again up to
MHz as depicted in the inset of Fig. 9(a).

Electric modulus formalism is a proper tool to study the polar-
zation effect. The electric modulus can be calculated by the
quation [36,37].

∗ = (ε∗)−1 = M′ + iM′′ = ε′

ε′2 + ε′′2 + i
ε′′

ε′2 + ε′′2 (2)

Fig. 10 shows the electric modulus formalism of the pure l-
istidine. As shown in Fig. 10(a), real parts of modulus (M′) increase
xponentially with frequency for various temperatures and reach a
onstant value and saturate as expected. The starting points of the
urves depend strongly on the temperature. The imaginary part
M′′) shows an exponential decrease with frequency and decay
atio varies with temperature as seen in Fig. 10(b). Additionally,
t very low frequencies of less than 500 Hz, the real and imaginary
arts of the modulus for all temperatures show that it increases
nd decreases sharply to a saturated values for all, respectively,
ut the starting values reduce/increase with temperature, respec-
ively again, and than compensate the value at high frequencies for
oth. This type of relaxation processes is attributed to an interfacial
olarization effects.

The real and imaginary parts of modulus of HCIO nanoparticles
re shown in Fig. 11(a) and (b). For all temperatures, the real part of
odulus at lower frequencies obeys the rule of M′(T, ω) = M′

0(T)ωn

here n (∼2) varies from 1.9 to 2.1 depending on temperature.
hese tendencies continue up to 400 kHz for a temperature of
50 ◦C from 1 kHz for 20 ◦C. After that, the log–log graph shows
hat the frequency dependencies saturate and remain constant for
ll temperatures. Additionally, the temperature dependency of real
omponent of the logarithmic dc modulus, log M′

0, is found to vary
lmost linearly with temperature as illustrated in the inset of the

ig. 11(a). This can be attributed the temperature dependency of
he polarization effect for an applied dc electric field.

In the imaginary part of the modulus, M′′, the incremental
hreshold of the peak is shifted to higher frequencies as seen in the
nset of the Fig. 11(b). So the peak at 20 ◦C is about 1 kHz while at
modulus of HCIO nanoparticles.

150 ◦C it is shifted and situated at about 400 kHz. This coincidence
is correlated with real part of the modulus. This means that the
frequency dependence of both parts of the modulus resembles to
each other for the given temperature range. It is well known that the
peak position in the imaginary part is strongly dependent to tem-
perature. According to the electric modulus formalism of the pure
l-histidine matrix, the temperature frequency of dielectric proper-
ties of the HCIO nanoparticles can be explained as follows [38,39].
When the temperature is lowered, the expansion of pure l-histidine
matrix will separate the filling components of the nanocompos-
ites that connected with each other earlier. The interfaces between
magnetites and l-histidine matrix will enhance, and the dielectric
constant will rise. When the temperature is higher than a cer-
tain value, the l-histidine nanocrystallite phase begins to change,
transforming from a semi-crystalline phase to the more disordered
polymer-like region. The interfaces between the magnetites and
the l-histidine matrix will decrease. So the dielectric constant will
decrease. The polarization will be enhanced. In this case, the dielec-
tric constant increases again. At higher frequency, the values of
the electric modulus of both l-histidine and its magnetite com-
posites become less temperature-dependent. As it is well known,
solid polymer electrolytes have several advantages over the liq-
uid counterpart such as desirable shape mouldability, mechanical
strength and flexibility of design. Unfortunately, solid polymer elec-
trolytes have the intuitive problem of low ionic conductivity at
ambient temperature that acts as a barrier to their suitability. It
can be understood that various physical and chemical factors such
as crystallinity, synchronized cation-anion motions, and the forma-
tion of the ion-pair have a strong effect on ionic conductivity [40].
These factors reduce the cationic conductivity, and therefore this
act as a barrier for potential applications.

In general, there are a few different mechanisms which influ-
ence the shape of the permittivity via frequency: Relaxation effects
are associated with permanent and induced molecular dipoles. At
low frequencies the applied electric field varies slowly enough to
allow dipoles to reach equilibrium before the field has measur-
ably changed. For higher frequencies at which dipole orientations
cannot track the applied field due to the viscosity of the medium,
so the absorption of the field energy results in energy dissipation.
The mechanism of dipoles relaxing is termed as dielectric relax-
ation. Resonance effects originate from the rotations or vibrations
of atoms, ions, or electrons. These processes are examined in the
neighborhood of their characteristic absorption frequencies.
4. Conclusion

We have successfully synthesized l-histidine capped iron oxide
nanoparticles in one pot process. The final product was analyzed
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nd dielectric permittivity. l-Histidine is assessed to be covalently
onded to the iron oxide nanoparticle surface via carboxyl groups.
hermal analysis revealed that magnetic nanoparticles showed cat-
lytic effect that caused an early degradation/decomposition of
he l-histidine capping. Near spherical morphology was assessed
y TEM and particle size calculated from TEM analysis and crys-
allite size calculated from XRD analysis reveal single crystalline
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aramagnetic character of the nanocomposite. The ac conductivity
howed a temperature independent behavior at low frequencies
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s an indication of ionic conductivity. The dc conductivity of the
anocomposites is found to obey the Arrhenius plot with activa-
ion energy of 0.934 eV. The ac and dc conductivity measurements
evealed semiconductor conduction characteristics, and various
rends were observed, as a function of frequency and temperature,
evealing different mechanisms dominating based on the tempera-
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