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The improved one-step microwave-assisted preparation
method for small (5-7 nm) magnetite (Fe;O,) nanoparticles
possessing saturation magnetization values (97-98 emu g7)
close to that of bulk magnetite using oleic acid as the coating
agent has been developed.
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Magnetic nanoparticles with a hydrophobic coating are the
promising material for a wide range of applications from drug
delivery and solid-state extraction to electronics.1® Their properties
directly depend on their size and preparation method.”1* Currently,
the utilization of magnetic materials with hydrophobic surface is
rather limited, however, they are an integral part in the preparation
of hydrophilic compounds. This usually includes three steps:1213
(i) the synthesis of nanoparticles, (ii) their coating with a hydro-
phobic compound, and (iii) the consequent preparation of nano-
particles with a hydrophilic surface via the ligand-exchange
process to replace the hydrophobic groups with hydrophilic ones
by the direct coating replacement or functionalization.'*1> There
are many known types of coating agents, including organic com-
pounds, silica, hydroxyapatite, starch, carbon, noble metals, etc.,16-18
while the most widespread ones in the case of nanoparticles are
fatty acids,%20 especially oleic acid since it is characterized by
the strong binding of carboxylic groups to Fe;0, nanoparticles.?!

However, the deposition of hydrophobic coating onto magnetic
magnetite particles has not been adequately described yet, even
though it is the important step in the synthesis of such particles.
Moreover, a one-step synthesis of hydrophobic nanoparticles
coated with oleic acid is also remaining the actual problem, since
the application of this acid solution could simplify and accelerate
the synthetic process. Attainment of excellent magnetic properties,
which depend directly on the size of nanoparticles, their surface
properties and crystallinity degree, is also of crucial importance
in the development of magnetic materials. The magnetite nano-
particles with a size of about 15-20 nm are well known as
possessing the superparamagnetic properties which result in the
zero average residual magnetization in the absence of external
magnetic field. However, the further decrease of nanoparticle
diameter reduces magnetization due to the increased fraction of
spin-disordered surface atoms.?? Taking into account the above
problems, this work was aimed at the obtaining of magnetite
nanoparticles coated with oleic acid and the estimation of effect of
oleic acid amount used on the resulting product, including the
investigation of its magnetic properties and size of particles. The
obtained samples can be employed in hydrophobic media or be
further modified in order to produce materials with hydrophilic
surfaces.

© 2018 Mendeleev Communications. Published by ELSEVIER B.V.
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According to the previous reports on the preparation of Fe;0,
nanoparticles in benzyl alcohol solutions,?? the optimal time to
obtain the small particles in a high yield should not exceed
30 min. The increased time of synthesis leads to the nanoparticles
of larger size, while the decreased one results in a low yield and
complicated product isolation.?* Thus, the synthesis of nano-
particles was carried out within 30 min.” The administered con-
centration of Fe(acac); was 31.5 mmol dm= (see ref. 25). To
facilitate steric hindrances and prevent aggregation of magnetic
nanoparticles, oleic acid (OA) was selected since the presence of
double bond is beneficial for the spatial arrangement of whole
carbon chain. However, the increased concentration of oleic
acid above 35 mmol dm=2 leads also to the difficult isolation
of product and formation of 1-2 um spherical aggregates, which
are of no interest in the present work.

X-ray diffraction patterns of prepared Fe;O, samples are shown
in Figure 1.* The broad peaks observed at 18.29°, 30.08°, 35.42°,
43.05°, 53.41°, and 56.94° for the each sample correspond to the
(100), (220), (311), (400), (422) and (333) planes, respectively,
according to the diffraction card (JCPDS no. 82-1533). It was
shown that the peak intensities decrease along with the increase
of oleic acid amount on the nanoparticle surfaces, which indicates
the enlarged acid shell. The crystallite size of prepared samples
was determined according to the Scherrer equation using the

T The required amounts (0.05 ml, 0.16 mmol; 0.10 ml, 0.32 mmol;
0.2 ml, 0.64 mmol; 0.3 ml, 0.95 mmol; and 0.5 ml, 1.58 mmol) of oleic
acid (99%, Sigma-Aldrich) were dissolved in benzyl alcohol (45 ml,
0.43 mol) (99%, Alfa Aesar) under stirring, and Fe'! acetylacetonate
(0.50 g, 1.42 mmol) (>99%, Acros Organics) was added to the reaction
mixture. Once the solution became homogeneous (in about 15 min), it was
placed in a Landgraf MW 4000 laboratory microwave oven operating at
2.45 GHz (800 W) for 30 min. The temperature was about 205°C. The
resulting samples were cooled down to room temperature; the nano-
particles were separated by a magnet and washed few times with ethanol.
The solid products were dried at 60°C for 5 h, then collected, and labeled
in accordance with the used amount of oleic acid (see Table 1).

* XRD patterns were recorded at room temperature for the scanning range
(29) of 10.0-60.0° at the step of 0.020° and scan speed of 2 deg min~!
using a DRON 2 diffractometer equipped with a Cu anode (Ko irradiation,
1 =1.54060 A).
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Figure 1 XRD patterns of prepared samples (OA is oleic acid).

full width at the half maximum of peak at 35.6° (Table 1).
The smallest average crystallite size was 3.6 nm in the case
of sample OA-3. However, the average nanoparticle size is not
fully informative due to the growth of XRD determination error
at such small size (<10 nm), which makes the XRD analysis in
this case applicable only for the determination of crystal structure
in the samples.

Figure 2 shows the size distribution curves plotted on the basis
of TEM images® (Figure S1, Online Supplementary Materials)
of prepared powders. The nanoparticles possessed a spherical
shape in the each sample, which indicates the absence of any
phase impurities in the form of other iron oxide/hydroxide
phases. The particle size distribution exhibits the shape of
lognormal distribution function. The acid concentration does
not significantly affect the size of particles and its distribution
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Figure 2 Size distribution curves for the prepared samples.

§ The morphology was investigated using a Hitachi HT7700 transmission
electron microscope with resolution of 0.20 nm at 100 kV for the standard
pole piece. A target-oriented approach was selected for the optimization
of analytic measurements.®23% The samples were mounted on a 3 mm
copper grid and fixed in a grid holder before the measurements. The
images were acquired in the bright-field TEM mode at the accelerating
voltage of 100 kV. Core size distributions were estimated on the measure-
ment of at least 200 cores per sample.

Table 1 Effect of oleic acid amounts on the size and saturation magnetiza-
tion of prepared iron oxide nanoparticles.?

Oleic Molar ratio Dyro/  Drem/ Mg/
Sample acid/ml OA/Fe(acac)° r1r)r<1RD nr;ENI a/nm err?u gt
OA-0 0 0 5.8 6.4 0.9 56
OA-1 0.05 0.11 7.0 6.1 1.0 66
0OA-2 0.10 0.22 3.7 6.0 1.0 68
OA-3 0.20 0.45 3.6 7.9 1.4 97
OA-4  0.30 0.67 5.9 6.8 1.6 98
OA-5 0.50 1.12 5.3 6.5 1.3 84

aDygrp is the volume weighted XRD crystallite size; Dgy, is the number
weighted TEM nanoparticles median diameter; o is the standard deviation
calculated using the Dygy, data; and Mg is the saturation magnetization.
bIn the initial solution.

(see Table 1), which may be caused by the formation of complex
intermediate in the form of iron oleate, and also by the adsorption
of free acid molecules on the surface of formed nanoparticles.
At low acid concentrations, the average size of nanoparticles was
slightly reduced. An increase in the molar ratio of reagents over
0.22 (OA-2 sample) leads to the growth of nanoparticle sizes and
the broadened distribution. The formation of smallest particles
was observed at the molar ratio of 0.22 (OA-2 sample), while
the smallest value of the standard deviation was achieved in the
absence of oleic acid (OA-0 sample). The distribution broadening
along with increasing acid concentration probably occurred, since
the nanoparticles formation can proceed via the two mechanisms:
(i) the direct decomposition of iron acetylacetonate to magnetite
and (ii) the decomposition of iron acetylacetonate affording an
iron oleate intermediate with the consequent magnetite formation,
which results in the different nanoparticle sizes. Once nano-
particles have reached a certain critical size, the acid shell acts as
the surface stabilizer preventing the further aggregation. Neverthe-
less, all the prepared samples were characterized by the extremely
narrow distribution of particle sizes, which resulted from the
uniform heating of mixture volume by the microwave irradiation
without any temperature gradient. Thus, the particle growth occurs
in the reaction mixture under the similar conditions to produce
uniform particles during the short time interval.

The magnetization curves are shown in Figure 3.7 There is no
coercive field in all cases, while the reversible hysteresis behavior
indicates the superparamagnetism for all the prepared samples.
The application of oleic acid as the coating agent leads clearly
to the increased values of saturation magnetization (Mg) up to
97-98 emu g at room temperature in the case of OA-3 and
OA-4 samples (see Table 1), which is close to Mg value of bulk
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Figure 3 Magnetization curves of prepared Fe;O, samples.

1 Magnetic measurements were performed using a vibrating magneto-
meter3* at ambient temperature (300 K) in the magnetic field of up to 6.3
kOe in both directions. The samples (10-20 mg) were placed between
two gas-permeable quartz membranes in a flow-type quartz measuring
cell of the magnetometer. Saturation magnetization was calculated by
extrapolating the magnetization values vs. the inverse of field curve to
H-1 = 0.%5 The measurement accuracy was within 5%.
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magnetite (92—-100 emu g~1).2627 According to some works,28-30
the oleic acid application as the stabilizer caused the decrease
in saturation magnetization of prepared nanocomposites, which,
in authors’ opinion, was due to the formation of magnetically-
dead layer on the nanoparticle surface by oleic acid and to
the enlargement of diamagnetic organic phase in the material.
However, we have achieved the opposite effect: the one-step
synthesis with oleic acid leads to an increase in the saturation
magnetization with the maximum at the molar ratio of 0.45-0.67
(OA-3 and OA-4 samples), which can be interpreted in terms of
an obviation of canted spins on the disordered surface of
nanoparticles.3! Alternatively, this effect can be explained by the
formation on the nanoparticle surface of minor amount of
different non-stoichiometric iron oxide phase, but its detection is
a crucial task for Mdssbauer spectroscopy and to date still being
a big challenge.?® The surface of magnetite nanoparticles can
easily be oxidized resulting in the formation of maghemite phase
and decreasing the value of saturation magnetization, while the
oleic acid as a surfactant in the one-pot process prevents to some
extent the interaction between the magnetite surface and oxygen
in air, thereby suppressing the undesired phase formation. Nano-
particles prepared via a multiple-stage process (including the
nanoparticles preparation and their stabilization by the surfactant)
can react with air after the first stage, and thus prepared oxidized
nanoparticles are covered by an acid. Therefore, the addition
of acid in such a manner does not improve magnetization. The
saturation magnetization decreases also with further raising the
OAJ/Fe molar ratio. This effect can be associated with the increased
thickness of acid shell, which diminishes the mass percent of
magnetic particles in the composite. The improved saturation
magnetization values are obviously not provided by the particle
size changes, since the 4-10 nm nanoparticles without any acid
coating also obtained in the benzyl alcohol solution?3% did not
demonstrate high values of saturation magnetization.

Therefore, the appropriate combination of nanoparticles pre-
paration via the microwave-assisted synthesis with the coating
processes results in the simplification and acceleration of their
preparation, increased saturation magnetization in the size range
of 5-7 nm, up to the values typical of bulk magnetite, and also
affects the particle sizes, which can be adjusted according to the
requirements set by an application. The prepared nanoparticles
possess the acidic hydrophobic surface, which prevents their
aggregation and makes them soluble in organic solvents. The
obtained results are also valuable in practical aspects, since a
further surface modification by a hydrophilic compound can
allow one to apply these nanoparticles in the biomedical field,
e.g., as a contrast agent employing the fast response to applied
magnetic fields with negligible remanence and coercivity. In
addition, the prepared samples can be used in hyperthermia
applications due to the high saturation magnetization values,
which leads to large thermal energy dissipation in the tumor
cells. The last but not least, large Mg values provide the better
control of movement of nanoparticles in the blood directed by
the external magnetic field.??
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