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Abstract—In this study, pure and Sm>* doped Fe;0,4 nanoparticles were prepared via a microwave assisted
synthesis in water solution. The samples were characterized by TEM, XRD, XANES, and VSM techniques.
The structure and morphology, Fe and Sm oxidation states, the oxidation resistance and magnetic properties
of pure and Sm doped Fe;O,4 nanoparticles were studied. TEM and XRD results show that Sm doped Fe;0,
nanoparticles have a good dispersion and are smaller than pure Fe;O, nanoparticles. The Fe and Sm oxida-
tion states of pure and Sm doped Fe;0,4 nanoparticles were studied by means of XANES analysis. The mag-
netic properties of Sm doped Fe;O, nanoparticles determined by VSM exhibit superparamagnetic behavior
with high saturation magnetization. It was found that Sm doping in a small amount makes it possible not only
to reduce the sizes of magnetite nanoparticles but also to improve their oxidation resistance and increase their
saturation magnetization value. These pure and Sm doped Fe;O, magnetic nanoparticles are expected to be

used in a number of biomedical applications.

DOI: 10.1134/51995078018020088

INTRODUCTION

Nanotechnology is showing a big potential for bio-
medical and pharmacological applications [1-—5].
Magnetic nanoparticles (NPs) are believed to be one
of the most important classes of nanomaterials. The
magnetic properties of these NPs based on their
inducible magnetization and superparamagnetic
behavior allow researchers to deliver them to a defined
location and to manipulate them in the presence of an
external magnetic field. Magnetic Fe;O, NPs have
been of great interests because of their biocompatibil -
ity and low toxicity, which makes them highly attrac-
tive in many aspects of oncology. Moreover, being
small in size and having large surface area-to-volume
ratio allows them to absorb compounds such as small
molecules, drugs, DNA, RNA, and proteins [6—9].
These magnetic NPs can find a number of applica-
tions for targeted drug delivery of biological molecules
and drugs [10], magnetic hyperthermia [11] as well as
in magnetic resonance imaging (MRI) [12] as contrast
agents to visualize tumors [13, 14]. To date, self-anti-
tumor activity of magnetic NPs and magnetic fluids as
well as how to achieve the antitumor effect and com-
plete regression of malignant tumors has not been
clearly understood [2]. One of the major drawbacks of
magnetite NPs is their instability to oxidation as they
are easily oxidized in the air even at room temperature,
which results in significant loss of their magnetic
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properties [3]. The substitution of the Fe ions with
doping rare earth atoms in Fe;O, NPs may improve
their magnetic properties and enhance their resistance
to oxidation [15, 16]. Doping may also reduce the size
and change the shape and surface morphology of these
NPs [15]. The surface coating of NPs with a coating
agent reduces the tendency of NPs to agglomerate,
and gives a possibility to functionalize them [17].
Sodium dodecylbenzenesulfonate can be used as a
biocompatible capping agent to control the size distri-
bution and prevent the agglomeration of magnetic
NPs, and help to obtain magnetic NPs with the
improved superparamagnetic properties [15].
Numerous chemical methods have been developed
for the synthesis of magnetite NPs, such as solvother-
mal, hydrothermal, mechanochemical and electro-
chemical as well as microemulsions, sol-gel tech-
niques, the thermal decomposition of the salts, co-
precipitation of a mixture of ferrous and ferric iron
compounds [18—24]. The most common method is
the co-precipitation from an aqueous medium. This
technique usually results in the formation of particles
smaller than 20 nm having superparamagnetic proper-
ties [18]. However, this kind of synthesis limits a pre-
cise control over their size and morphology [24]. The
synthesis of magnetite nanoparticles with well con-
trolled morphology and particle size distribution is
usually carried out using the high-temperature solvo-
thermal method [19]. However, it should be noted,
that solvothermal synthesis takes a long period of time
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to be carried out in a closed reactor, which hampers
the adjustment of the synthesis. In comparison with
the conventional synthesis, the microwave assisted
synthesis relies on the efficient energy transformation
and uniform heat distribution in the reaction system,
which results in obtaining higher reaction rates, chem-
ical yields, good reliability and reproducibility [24].

This paper focuses on the synthesis of pure and Sm
doped Fe;0, NPs using the microwave assisted syn-
thesis technique in the presence of non-toxic and bio-
compatible sodium dodecylbenzenesulfonate as a
coating agent in an aqueous solution. The synthesized
MNPs were characterized employing several experi-
mental methods. The structure and morphology, Fe
and Sm oxidation states, oxidation resistance and
magnetic properties of pure and Sm doped Fe;O, NPs
were studied.

EXPERIMENTAL DETAILS
Reagents

In our experiments, all the reagents were ana-
Iytically graded and used without any further purifi-
cation. The chemicals iron(III) chloride hexahy-
drate (FeCl;- 6H,0), sodium acetate trihydrate
(CH;COONa - 3H,0) ethylene glycol (EG), and
polyethyleneglycol (PEG), sodium dodecylbenzene-
sulfonate (SDBS), samarium oxide, (Sm,0;) were
purchased from Sigma-Aldrich and used as received.

The Synthesis of Pure and Sm Doped Fe;0,
Nanoparticles

The preliminary synthesis of samarium chloride
was synthesized from samarium oxide. A certain
amount of Sm,0; was mixed with the concentrated
hydrochloric acid solution, then the mixture was
heated at 80—90°C till the reaction solution changed
from turbid to clear. After that, the excess hydrochloric
acid was evaporated and dried in exposure beaker, the
obtained SmCIl; was dissolved in ethanol, and then
recrystallized.

The synthesis of pure Fe;O, NPs was performed
with the use of microwave irradiation. The synthesis
procedure was as follows: the compounds FeCl; - 6H,O
(0.7661 g), NaAc - 3H,0 (2.0400 g), SDBS (1.3939 g)
and PEG (0.42 mL) were added in ethylene glycol
(25.0 mL) to form homogeneous mixture under stir-
ring at room temperature. Then, the mixture was
sealed with a silicone stopper in a glass vial and was
placed in the microwave oven (CEM Discover SP,
USA). After that, the mixture was heated and main-
tained at fixed 200°C for 1 h with continuous stirring,
then cooled down to room temperature. The black
particles were separated from the solution by magnetic
separation, washed three times with absolute ethanol
and dried in a vacuum oven at 60°C for several hours.
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In comparison with the conventional solvothermal or
hydrothermal synthesis of magnetite NPs, the reac-
tions using the microwave irradiation technique have
higher reaction rates, which allow reducing the syn-
thesis time from 6 up to 1 h.

For the synthesis of Sm doped Fe;O, NPs, the

total amount of doping Sm3* was 11.25 wt %. The
total amount of doping element was chosen from
the assumption that samarium did not form second-
ary phases in the magnetite structure, and to esti-
mate the maximum effect of doping. The compounds
FeCl; - 6H,0 (0.3830 g), SmCl; - 6H,O (0.0216 g)
NaAc - 3H,0 (2.0400 g), SDBS (1.3939 g) and PEG
(0.42 mL) were used with the same temperature and
time of synthesis as in the described above procedure.
The amount of sodium acetate trihydrate, SDBS and
PEG remained unchanged as in the synthesis of pure
Fe;0,4 nanoparticles. The microwave oven used for the
synthesis of pure and Sm doped Fe;O, NPs operated
with microwave power at 200 W and at a frequency of
2450 MHz.

Characterization Techniques

Transmission electron microscopy. Transmission
electron microscopy (TEM) images were obtained
using the FEI Tecnai G2 Spirit Bio TWIN microscope
operating at accelerating voltage of 120 kV.

X-ray diffraction. Pure and Sm doped Fe;O, NPs
were characterized by XRD to determine their struc-
ture and estimate the average size of nanoparticles.
The X-ray diffraction patterns of the samples were
recorded on the ARL X’TRA diffractometer (Thermo
Fisher Scientific) using CuKo. (1.5406 A) radiation at
room temperature in the range of 15° to 80° in the
20 scale, with a scanning rate of 6 deg/min and a step
size 0.02°.

X-ray absorption near edge structure. The oxidation
state and oxidation resistance of pure and Sm doped
Fe,O, NPs were studied by means of X-ray absorption
near edge spectra (XANES). The Fe K-edge XANES
spectra of the reference samples of iron oxides and the
obtained nanoparticles were measured using the labo-
ratory Rigaku R-XAS Looper X-ray spectrometer
operating in transmission mode. A Ge(311) Johans-
son-type bent single crystal was used as a monochro-
mator. The samples were measured as prepared and a
month later, in order to study their oxidation resis-
tance. About 8 mg of powder samples were mixed uni-
formly in a boron nitride matrix and pressed into pel-
lets ~13 mm in diameter and 2 mm thick, for obtain-
ing a unit step jump at the Fe K-edge edge. The XAS
data were processed by standard procedures using the
Iffefit software package [25] to obtain the normal-
ized X-ray absorption near edge structure (XANES)
spectra.

Magnetization measurements. Magnetic curves M
(H) were measured using a vibrating sample magne-
tometer LakeShore VSM 7400. Experiments were car-
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Fig. 1. (Color online) XRD patterns of pure and Sm doped Fe;O4 NPs synthesized by microwave synthesis with the reference
Fe;04 pattern (Pdf-2 card no. 880315).
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Fig. 2. TEM images of (a) pure and (b) Sm doped Fe;O4 NPs.
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Fig. 3. (Color online) (a) Fe K-XANES spectra of pure and Sm doped Fe;O4 NPs in comparison with Fe oxides references;
(b) Fe K-edge region and the positions of the absorption edges; the inset with the spectra of first derivatives of the XANES spectra
in the Fe K-edge region; (c) oxidation of pure and Sm doped Fe;04 NPs; (d) Sm L3;-XANES spectra of Sm doped Fe;O04 NPs

in comparison with Sm,0O3; reference compound.

ried out in magnetic field up to 10 kOe at room tem-
perature (295 K). The samples in a form of powder
were placed and tightly pressed in between two parts of
polymer capsules with spherical bottom size about
J 4.5 mm. The samples masses were 5—17 mg. The
polymer capsule contribution to magnetic signal was
negligible. The magnetization error due to the sample
shape was below 5%, which was controlled by rotation
of the sample. The mass measurement error was less
than 1%.

RESULTS AND DISCUSSION

The XRD patterns of pure and Sm doped Fe;O,
NPs obtained by microwave assisted synthesis are

shown in Fig. 1. All peaks are consistent with the ref-
erence Fe;0, pattern (Pdf-2 card no. 880315). How-
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ever, Fe;O, and Fe,0; have the same spinel structure
and their XRD peak positions are quite close to each
other. The presence of a particular phase cannot be
ruled out on the basis of XRD pattern only. Hence, the
XANES analysis was used to determine the formal
structure and oxidation state of iron and samarium in
the synthesized nanoparticles. The XRD pattern can
be used to estimate an average particle size. It is clearly
seen that the full width at half maximum (FWHM) of
all reflection peaks increased and the intensity of the
peaks decreased after adding the dopant Sm cations,
which indicates the decrease in their average particle
size. The average size of the pure Fe;O, NPs esti-
mated from the Debye—Scherrer formula was 29 nm
and for the Sm doped Fe;O, NPs it was 8.6 nm, i.e.,
approximately three times smaller than that of pure
Fe,O, NPs.
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Table 1. Magnetic parameters of pure and Sm doped Fe;0,

NPs

Nanoparticles M, (emu/g) | H.(T) | M, (emu/g)
Pure Fe;04 NPs 74.9 0.0075 14.96
Sm doped Fe;O, NPs 122.1 0.0001 0.30

The Transmission Electron Microscopy images of
the pure and Sm doped Fe;O, NPs are shown in
Figs. 2a, 2b, respectively. It was observed that the par-
ticle size of pure magnetite nanoparticles does not
exceed 40 nm, and when doping MNPs, the particle
size decreases. These data indicate that samarium is
embedded in or deposited on the surface of the iron
oxide particles and impedes their growth. The particle
size distribution appears to be quite narrow and the
particle shape is reasonably spherical. The Fig. 2a
indicates that pure Fe;O, NPs have a diameter of
approximately 30 nm and the Fig. 2b shows that Sm
doped Fe;O, NPs have a diameter of approximately
10 nm, which almost agrees with the average crystal-
lite size obtained from XRD data analysis.

XANES characterization was carried out to probe
the oxidation states of iron and samarium and oxida-
tion resistance of the pure and Sm doped Fe;O, NPs.
The energy position of the XANES spectra depends
on the binding energy of the absorbing atom, and
hence, on the oxidation state of the absorbing atom.
The absorption edges of iron oxides shift to higher
energy positions with the increment of iron oxidation
state. Figure 3a shows the normalized Fe K-edge
XANES spectra of pure and Sm doped Fe;O, NPs in
comparison with the iron reference compounds (FeO
and o-Fe,05). Figure 3b shows the position of the Fe
absorption edges of freshly prepared pure and Sm
doped Fe;O, NPs and the reference compounds. The
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absorption edge energy position was defined as the
position of the maximum of the first derivative in the
absorption edge region. The inset of the Fig. 3b indi-
cates the position of the maximum of the first deriva-
tives of the XANES spectra in the Fe K-edge region.

For FeO, the absorption edge of iron atoms is
located at 7121.6 eV, with a quite weak pre-edge peak
observed at 7112 eV. For Fe,0;, the absorption edge is
located at 7125.0 eV, with a broad pre-edge peak at
7114 eV. For spinel Fe;0,, iron ions have a mixed
valence of +2 and +3, with Fe?" ions at the tetrahedral
sites and Fe3" ions at the octahedral sites, therefore the
iron ions have a mean oxidation state of +2.67. For the
synthesized pure and Sm doped Fe;O, NPs, the
absorption edges are located at 7123.8 and 7124.6 eV,
illustrating that the iron ions in pure and Sm doped
Fe;0, NPs have the oxidation states of +2.65 + 0.1
and +2.88 £ 0.1, respectively. Different values of the
mean oxidation state of pure and Sm doped NPs are
attributed to different particle sizes, because nanopar-
ticles of smaller size contain more Fe’' ions. In
Fig. 3c, the shift of the absorption edge of pure and Sm
doped Fe;O, NPs after the synthesis and a month later
reveals the oxidation of the nanoparticles. The width
of that shift indicates the velocity of the oxidation. The
arrows in Fig. 3c illustrate the shift of the absorption
edge by 0.3 and 0.1 eV and the change of oxidation
state from +2.65 to +2.74 and from +2.88 to +2.91,
respectively. Pure Fe,O, NPs were oxidized faster than
Sm doped Fe;O4 NPs, and hence, the samarium dop-
ing enhances their resistance to oxidation. Figure 3d
shows the normalized Sm L;-edge XANES spectra of
Sm doped Fe;O, NPs and Sm,O; reference sample. In
the case of Sm L;-edge XANES spectra, the absorp-
tion edge position is equal to that of Sm3* in Sm,0;,
but the peak profiles of Sm doped Fe;O, NPs are
somewhat not fully identical to that of Sm,0; in the
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Fig. 4. (Color online) Magnetization curves M(H) of pure and Sm doped Fe;0, NPs at room temperature.
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intensity of the white line, the shape of the features
and their positions. This indicates that Sm ions in
magnetite NPs are mainly Sm3*.

The magnetic behavior of the pure and Sm doped
Fe,O, NPs was investigated with a vibrating sample
magnetometer (VSM). As shown in Fig. 4a the satura-
tion magnetization value (M,) of the pure Fe;O, NPs
(=75 emu/g) are lower than that of Sm doped Fe;O,
NPs (~122 emu/g). As can be seen from Fig. 4b, the
magnetic coercivity (H,) and remanence (M,) are rel-
atively zero, which indicates a superparamagnetic
behavior of the Sm doped Fe;O, NPs. The magnetic
parameters of pure and Sm doped Fe;O, NPs are pre-
sented in Table 1.

CONCLUSIONS

In summary, sodium dodecylbenzenesulfonate
coated pure and Sm** doped Fe;0, NPs with relatively
uniform size distribution were successfully prepared
via microwave assisted synthesis. Their structure, Fe
and Sm ion oxidation states, oxidation resistance and
magnetic properties were evaluated using TEM, XRD,
XANES, and VSM techniques. It was found that Sm
doped Fe;O, nanoparticles were smaller than pure
Fe,O, NPs. Doping nanoparticles with samarium
leads to the decrease in their sizes. The average size of
pure Fe;O, NPs was about 29 nm and Sm doped
Fe;O, NPs was about 8 nm, so the size of Sm doped
Fe,O, NPs was approximately three times smaller than
that of pure Fe;O, NPs. The average oxidation states
of iron and samarium were determined. The small
amount of Sm>' ions enhanced the oxidation resis-
tance of magnetite nanoparticles. In addition, such a
substitution significantly enhances magnetic proper-
ties of Sm doped Fe;O, nanoparticles via magneto-
electric interaction, and the augmented magnetization
value. The prepared Sm doped Fe,O, nanoparticles
were found to have a superparamagnetic behavior with
saturation magnetization value of 122 emu/g which
allows their manipulation with an external magnetic
field for desired biomedical applications.
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