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Magnetic nanoparticles have been largely proposed as means of technological tools due to its value in different fields, especially in
biomedicine. Herein, we present a robust, highly reproducible and low-cost method to obtain superparamagnetic magnetite
nanoparticles (MNP-II) of about 15 + 5nm diameter by thermal decomposition of [Fe(acac),] in a one-pot, two-step method. In
the first step, magnetite nanoparticles (MNP-I) of lower size, 9 + 4 nm, with a saturation magnetization (M) of 65 emu/g and a
coercive field (H.) of 1Oe are obtained. In the second step, those particles MNP-I act as seeds for the final MNP-II which

present a saturation magnetization of 70 emu/g and a coercive field of 12 Oe.

1. Introduction

Magnetic nanoparticles have been of interest and a constant
subject of study since the 1970s from the scientific point of
view (due to their unique electrical, magnetic, and chemical
properties) and from their technological applications in dif-
ferent fields including catalysis [1], data storage devices [2],
and environmental remediation [3]. However, the main
effort in developing magnetic nanoparticles is due to their
application in biomedicine to be used in biosensors, magnetic
resonance imaging, drug transport, and treatment of tumors
by hyperthermia [4-6].

The size of the magnetic nanoparticles is crucial in bio-
medicine as it affects cellular uptake, biodistribution, and
other pharmacokinetic parameters.

The control of the size of the particles is also fundamental
to avoid the effect of the immune system because nanoparti-
cles with a hydrodynamic diameter lower than 5.5nm are

rapidly excreted through the kidney [7], while large nanopar-
ticles (hydrodynamic diameter > 100 nm) are rapidly taken
up by the phagocytes and tend to accumulate in the liver
and spleen [8, 9]. According to the abovementioned informa-
tion, the diameter of interest for particles in biomedical
applications is between 20 nm and 100 nm, since these parti-
cles tend to accumulate into tumors [10, 11].

Among the different magnetic nanoparticles, iron oxide
nanoparticles (IONPs) have been extensively studied due to
their simple synthesis, low toxicity, affordability, stability
under extreme conditions, and polar surface [12].

In addition, the magnetic properties of magnetite nano-
particles depend on their size, being superparamagnetic
when they are smaller than 20 nm [13] but increasing their
saturation magnetization with their radius [14]. This mag-
netic behavior is fundamental from the point of view of their
application in medicine because if the particles were not
superparamagnetic, they would continue attracting each
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other after removing the external magnetic field, forming
aggregates inside the organism, which would be rapidly taken
up by the phagocytes [8] and in addition tend to produce
embolism [15].

A large number of synthetic routes have been developed
to produce IONPs of different sizes and shapes [16], with
the thermal decomposition of iron complexes being one of
the most widely used [17], which provides good size control-
lability and high crystallinity. Park et al. [18] described, in
2004, an excellent method to obtain variable amounts of
IONPs of desired and uniform size by heating iron oleate
in different solvents. However, the sophistication of the
used heating rate device and the convenience of a more sta-
ble starting material limit its general acceptance. Due to
that, the development of new procedures to prepare magne-
tite (Fe;O,) nanoparticles has been widely studied in the
last decade [19, 20]. In particular, there is a permanent
interest in preparing, in a simple way, MNP under 20 nm
diameter (to avoid ferrimagnetic behavior) but close to this
size in order to enhance their saturation magnetization. On
the other hand, obtaining a reproducible, low-cost method-
ology that provides the same results as more expensive ones
is desirable.

Benzyl ether has been widely used as solvent for the syn-
thesis of iron oxide nanoparticles starting from iron (III) ace-
tylacetonate using three [21, 22], two [23, 24], or one extra
additive [25, 26]. Oleylamine and oleic acid have been proved
as good surfactants, with the ratio of oleylamine/oleic acid
being an important factor in determining both the size and
the shape of the MNP [24].

A robust, one-pot, two-step method is presented here to
obtain magnetite nanoparticles, MNP-II, of about 15+ 5nm
diameter, heating Fe(acac), in benzyl ether in the presence
of oleic acid and oleylamine by using a noncomplex heating
equipment. Moreover, at the end of the first step, that is, after
refluxing the initial mixture for 15 minutes, smaller magnetic
nanoparticles, MNP-I, of about 9 + 4 nm diameter with a Mg
of 65 emu/g are formed. They could be isolated or eventually
be converted into seeds [27] for the final product, if the flask
is cooled down to room temperature and then refluxed for
two additional hours.

2. Materials and Methods

2.1. Materials. Benzyl ether (C,,H,,O, 98%), oleic acid
(Cy5H5,0,, 99.99%), iron (III) acetylacetonate (C,sH,,FeO,
97%), toluene (C,Hg, 99.8%), and ethyl acetate (C,HgO,,
99.8%) were obtained from Sigma-Aldrich; 2-propanol
(C;Hg0, 99.99%) and petroleum ether (40°-60°) were sup-
plied by VWR chemicals while oleylamine (C,3H;,N, 80-
90%) was purchased from Acros Organics. All the reactions
were carried out under inert atmosphere of argon.

2.2. Experimental Procedure. Iron (III) acetylacetonate
(1.42 g, 4.0mmol) was dispersed in a mixture of dibenzyl
ether (20ml), oleylamine (2.8 ml, 2.27g, 7.21 mmol), and
oleic acid (2.7ml, 2.39g, 8.46 mmol) previously deoxygen-
ated (bubbling Ar through the mixture for 30 minutes) in a
three-necked round-bottom 250ml flask. The suspension
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bulb placed in the third neck of the reaction flask along the reaction
time.

was heated with vigorous mechanical stirring until the
refluxing temperature was reached and then maintained for
15 minutes under the same conditions. Afterwards, the heat-
ing mantle was removed and the reaction temperature slo-
wed down to room temperature. At this point, two different
routes were followed to obtain two different types of MNP.

2.2.1. Procedure A: Isolation of MNP-1. While the formed
black magnetite nanoparticles were retained with an external
magnetic disk, the supernatant suspension was removed.
Later, the nanoparticles were washed successively with a mix-
ture 1: 1 (in volume) of 2-propanol and light petroleum ether
(4 x20ml) and finally dried in vacuum to give 130 mg of
MNP-I (14% yield).

2.2.2. Procedure B: Preparation of MNP-II. The mixture was
then refluxed for two other hours. Afterwards, the resulting
black magnetite nanoparticles were isolated and purified in
a similar way giving 270 mg of MNP-II (29% yield).

Both reactions have been carried out by several coauthors
more than ten times along a year with comparable results.
(Occasionally, the nanoparticles were slightly contaminated
with silicone used in the glass stirrer gland that provides a
vapor-tight seal between the paddle and the flask. The sili-
cone was effectively eliminated washing the sample with a
2:1 (in volume) mixture of ethyl acetate and toluene.)

2.3. Characterization. Fourier transform infrared spectro-
scopic (FT-IR) measurements were performed on a FT-IR
Spectrometer Paragon 1000 from PerkinElmer (USA) using
KBr pressed disks.

Scanning electron microscopy images were obtained
using a JEOL-6610 with an accelerating voltage of 20kV.

Transmission electron microscopy images were obtained
using either a JEOL JEM 2100F HRTEM (for MNP-I) or a
JEOL-2000 EX-II TEM (for MNP-II) on a copper grid,
using an accelerating voltage of 200 or 160kV, respectively.
The calculations for the size estimation were obtained with
the Image] software, by measuring the largest dimension of
each particle.
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ScHEME 1: Reaction mechanisms of the formation of magnetite nanoparticles using as precursors iron (III) acetylacetonate and oleic acid.

X-ray powder diffraction (XRPD) data for the two kinds
of particles were collected, at RT, using CuKal,2 radiation
(A=1.54056 A and 1.54439 A) in a Bragg-Brentano reflec-
tion configuration, on an PHILIPS X’ PERT PRO Panalytical
diffractometer in a 20 range of 15-90°, with a step size of 0.03.
In order to obtain the instrumental broadening contribution
and deconvolution, the line profile function, pure iron (II;
III) oxide (Puratronic®) with high crystallinity, has been used
as external reference.

Magnetization measurements at room temperature and
zero-field-cooled and field-cooled were performed using a
PPMS-14T (Physical Property Measurement System). This
system allows applying magnetic fields to the samples up to
14T, by using superconducting coils, at a range of tempera-
tures from 1.9K to 400 K.

Mossbauer spectroscopy measurements were carried out
in transmission geometry using a conventional constant-
acceleration spectrometer with 57Co-Rh source. Spectra
were collected at different temperatures under high vacuum
(10-5torr) in a commercial Oxford Instruments cryostat.
The isomer shift values were taken with respect to an a-Fe
calibration foil measured at room temperature. NORMOS
program was used for fitting the spectra.

3. Results and Discussion

3.1. Structural Characterization. Decomposition of iron
(III) acetylacetonate in boiling benzyl ether under argon
atmosphere in the presence of oleic acid and oleylamine
provides two types of black superparamagnetic nanoparti-
cles of magnetite MNP-I and MNP-II, depending on the
reaction conditions.
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FIGURE 2: Infrared spectrum of the magnetic nanoparticles of step 1
(MNP-I).

The control of the heating rate seems to be of paramount
importance for determining the size of the iron oxide nano-
particles [28]. In our case, the heating rate of the reaction
was followed indirectly by the temperature variations of the
vapor condensed in the thermometer bulb placed in the third
neck of the flask (the other two were occupied by the reflux
condenser and the stirring paddle). The resulting curve,
shown in Figure 1, is markedly reproducible for all the reac-
tions we have monitored.

The size mechanism control of the heating-up method
should be regulated by two processes. The first is the “burst
nucleation” when a great number of nuclei are formed.
Although after the burst nucleation some particles are greater



than others, it is not of special concern as in the second pro-
cess, the “size focusing,” small particles grow faster than big
particles [29], reaching all the same size.

The first observed stage in the heating ramp is detected at
about 117°C, and it is accompanied by the appearance of a
white cloud. The existence of this white cloud has been
related to the presence of water vapor. Water should be
released during the ketonization of oleic acid at elevated tem-
peratures [30]. The second stage is located around 220°C and
could be associated to the formation of the magnetite nucleus
[31]. The formation of magnetite starting from Fe(acac),
could follow the currently accepted mechanism. Initially,
the acetylacetonate ligand should be replaced by the oleate
group (A in Scheme 1) [31]; then, the decomposition of iron
oleate would result in the breakage of M-O and MO-C bonds
of metal carboxylate and the partial reduction to Fe(II) (B in
Scheme 1) [32] and the subsequent decarboxylation and for-
mation of organic radicals (C in Schemel) [30].

The infrared spectra of MNP-I and MNP-II are the same.
Figure 2shows the infrared spectrum of MNP-I. The charac-
teristic absorption bands of the oleate coating are at
2911cm’, w, and 2842cm’’, w (stretching CH), and at
1523cm’’, w, br, and 1425cm™', m, br (antisymmetric and
symmetric stretching of the carboxylate group) [33]. The band
at 1425cm™ should also include some contribution of the
CH, deformation absorption. Besides, there exists another
strong, broad band at 577 cm™, due to magnetite solid-state
vibrations. (The occasional presence of small amounts of sil-
icone is detected by the apparition of its characteristic bands
at 1258, 1092, 1018, and 797 cm")

The morphology and size distribution of the nanoparti-
cles have been obtained by SEM and TEM. SEM images of
the nanoparticles are shown in Figure 3. They give an overall
view on a wide area which allows to see that no large particles
have been produced [34]. The particles showed a high degree
of agglomeration due to dipole-dipole interaction [35].

The diameter of nanoparticles determined by TEM is
9 + 4nmfor MNP-I and 15 + 5nm for MNP-IL In Figure 4,
a micrograph as well as the size distribution of both kinds of
nanoparticles is shown.

The X-ray diffraction pattern of MNP-I and MNP-II
shows the characteristic diffraction peaks of the magnetite
(see Figure 5) with the samples not being totally crystalline
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(b)
FIGURE 3: SEM images of the nanoparticles: (a) MNP-I and (b) MNP-IL

as an initial elevation of the patterns was registered. The 20
diffraction angles and the lattice spacing d (A) of our sample
are collected in Table 1. For comparative purposes, the stan-
dard atomic spacing for Fe,O, are also included as well as the
respective hkl indexes [26, 27].

The estimation of the crystalline size of magnetic
nanoparticles has been carried out by using the FullProf
program [36]. The effect of instrumental peak broadening
was corrected by performing a Le Bail fitting method [37].
During the Le Bail fitting for each sample, instrumental
parameters U, V, and W were kept constant, as well as the
asymmetric parameters (SL and DL). The Thompson-Cox-
Hastings pseudo-Voigt profile function expressed by a
weighted sum of Gaussian and Lorentzian was applied to
obtain the average apparent crystalline size directly [38].
From this estimation, an average apparent size (Figure 6) of
8 +3nm and 12 +2nm from MNP-I and MNP-II, respec-
tively, is obtained. These results show that the crystallite
and nanoparticle sizes are the same, indicating that both
kinds of particles are monocrystallines.

3.2. Magnetic Characterization. The room temperature hys-
teresis loops of the particles obtained in the first step and in
the second one step are shown in Figure 7. The magnetic
behavior of the particles of the first step differs slightly from
that observed in the final particles. The particles of the first
step present superparamagnetic behavior with a coercive
field of about 1 Oe at room temperature, and they also have
a high saturation magnetization of about 65emu/g. In the
case of the final particles, the superparamagnetic behavior
is slightly different. The coercive field has increased to a value
of about 12Oe; nevertheless, they are within the limits
accepted as superparamagnetic. Also, it can be observed that
there is an increase of the saturation magnetization, which in
this case results in about 70 emu/g, lower than that of the
bulk magnetite (92 emu/g). This decrease is not clear and is
still the object of research. Now, different studies attribute
this decrease to the surface spin canting [39, 40]. The satura-
tion magnetization of both kinds of particles is really a high
value and makes them very promising for their coating and
subsequent use.

Magnetization curves of zero-field-cooled (ZFC) and
field-cooled (FC) were measured in the temperature range



Journal of Nanomaterials

4y

50 nm

4

.

Frequency

Frequency

0.250

0.200

0.150

0.100

0.050 1

0.000

7 8 9 10 11 12 13 14
Diameter (nm)

(b)

0.350

0.300 -

0.250 A

0.200 A

0.150 A

0.100 -

0.050 A

0.000

)

27

2

7
2

10 11

12 13 14 15 16 17 18 19 20

(c)

Diameter (nm)

(d)

FIGURE 4: Representative TEM images (a, ¢) and size distribution (b, d) for MNP-I and MNP-II, respectively.
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FIGURE 5: X-ray diffraction (XRD) pattern of MNP-I (red), MNP-II
(blue), and reference magnetite (black).

from 5K to 315K. The samples were mounted in the PPMS
at room temperature and cooled down to 5 K without applied
field. After cooling, a dc field of 100 Oe was applied and the
temperature was increased to 315K.

The magnetic behavior of the two kinds of nanoparticles
(Figure 8) differs slightly. MNP-I particles show a superpar-
amagnetic behavior at room temperature with a coercive field
minor than 1 Oe and saturation magnetization of 65 emu/g.
The MNP-II particles present a coercive field of 12 Oe, a sat-
uration magnetization of 70 emu/g, and a Ty > 300 K. On the
other hand, the two kinds of nanoparticles show a Verwey
transition at about 120K. This anomalous behavior shown
in the obtained curves has been studied by Bohra et al. [41],
and it was explained by the nonspherical morphology of
the samples.

Figure 9 shows the Mossbauer spectra of the studied sam-
ples obtained at different temperatures. For a better compar-
ison, all the spectra are normalized to present the same area.
The thermal evolution of the spectra strongly depends on the
size of the MNPs.

The formal composition of magnetite can be written as
[Fe’*],[Fe*"Fe**],0%,, where A denotes Fe sites surrounded
by oxygen ions forming tetrahedral and B corresponds to the
Fe ions inside octahedral formed by the nearest oxygen ions.
This structure is clearly reflected in the Mossbauer spectra
obtained at 295K and 150K. The spectra have been fitted
by two sextets presenting hyperfine parameters and a 1:2
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TaBLE 1: Experimental 20 values and lattice spacing of MNP-I and MNP-II; Standard lattice spacing and corresponding plane assignation of

Fe,0,.
MNP-I 26 () 17.6 30.0 354 37.0 43.2 53.7 57.1 62.6 71.2 73.9 79.3
d (A) 5.04 2.98 2.54 243 2.09 1.72 1.61 1.48 1.32 1.28 1.21
MNP-II 26 () 18.3 30.2 35.5 37.1 43.2 53.5 57.1 62.7 71.1 74.2 79.2
d (A) 4.84 2.96 2.52 242 2.09 1.71 1.61 1.48 1.32 1.28 1.21
Fe;0, 4.86 2.98 2.53 2.43 2.10 1.71 1.62 1.48 1.33 1.28 1.21
Standard values
hkl 111 220 311 222 400 422 511 440 620 533 444
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FIGURE 6: Le Bail fitting (black line) and experimental data (red points) collected from MNP-I (a) and MNP-II (b).
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TaBLE 2: Isomer shift (IS), quadrupolar splitting (QS), hyperfine field (By;), and full width at half maximum (WID) values obtained from the

fittings of the Mossbauer spectra of the study samples. %Fe denotes the obtained ratio of the resonant areas among Fe>" A sites and the Fe

B sites of the magnetite.

2+/3+

(@)

T () MNP-I
Position IS (mm/s)* QS (mm/s) By (T) WID (mm/s) %Fe
295 Magnetite Fe** (A) 0.32 (1) 0.00 (1) 47.0 (1) 0.61 (1) 34 (1)
Magnetite Fe*'Fe’* (B) 0.59 (1) -0.02 (1) 43.1 (1) 1.00 (1) 66 (1)
150 Magnetite Fe** (A) 0.38 (1) 0.00 (1) 489 (2) 0.53 (1) 37 (1)
Magnetite Fe*'Fe*" (B) 0.64 (1) -0.03 (1) 45.5 (1) 0.90 (1) 63 (1)

(b)

T () MNP-II
Position IS (mm/s)* QS (mm/s) By (T) WID (mm/s) %Fe
295 Magnetite Fe>* (A) 0.30 (1) 0.00 (3) 48.1 (1) 0.41 (1) 34 (1)
Magnetite Fe**Fe** (B) 0.62 (1) -0.01 (1) 44.9 (1) 0.65 (1) 66 (1)
150 Magnetite Fe** (A) 0.37 (1) 0.02 (1) 49.7 (1) 0.43 (1) 33 (1)
Magnetite Fe*'Fe®" (B) 0.69 (1) 0.00 (1) 46.7 (1) 0.70 (1) 67 (1)

resonant area ratio compatible, respectively, to the Fe’* A
sites and the Fe**>" B sites of the inverse spinel structure of
the magnetite above the Verwey transition (T). Hyperfine
parameters obtained from the fittings can be consulted in
Table 2. The spectrum of the MNP-I collected at 295K is
considerably wider, and the hyperfine fields are significantly
lower than those corresponding to the MNP-II. This variance
is indicative that the MNP-I is close to a superparamagnetic
state at room temperature.

In a stoichiometric bulk magnetite, the Verwey phase
transition takes place at around 120K and the inverse cubic
(Fd3-m) spinel structure of magnetite reduces its symmetry
and transforms into the monoclinic Cc structure. From
150K, as the temperature decreases, the Mossbauer spectra
of the studied samples show a slow evolution, in contrast
with the expected sharp transition for a stoichiometric bulk
magnetite. It has been observed that for magnetite MNPs,
the Verwey phase transition can begin even at higher tem-
peratures, extends in a broad temperature range, and is not
completed down to lower temperatures [42]. At nanometric
sizes, the relative increase of surface atoms with different
chemical and structural topologies induces the formation of
charge-ordered surface states which would include changes
in the Verwey phase transition temperatures [43, 44], becom-
ing more noticeable as the size of the MNPs lowers.

Below 150K, the spectra cannot be properly described by
a composition of only the spectral components of the stoi-
chiometric Fe’* A and Fe>*’** B sites of the inverse spinel
structure and more contributions would be needed for an
appropriate fitting. The transition to the monoclinic struc-
ture gives rise to 24 different groups of Fe sites, 8 different
groups of crystallographically equivalent A sites, and 16 dif-
ferent groups of crystallographically equivalent B sites. We
have followed the fitting assignments described by Reznicgk
et al. [45] to fit the contribution of the monoclinic magnetite
to the Mossbauer spectra of the studied samples. Based on

DFT calculations, they get a reliable simulation of the Moss-
bauer spectrum with a considerable agreement with of the
experimental one. Concretely, they reduce the spectrum at
temperatures below T, to four sextets: two contributions
representing Fe’™ from A position and Fe’* from B-like posi-
tion, respectively, and two spectra to describe the contribu-
tion of two different sets of Fe** from B-like position. So,
the fitting of the Mdssbauer spectra of samples below 150 K
is composed of five different contributions, those describing
the Fe>* A and Fe**"*" B sites of the inverse spinel structure
above Ty, and three describing the splitting of the Fe**** B
site in different crystallographic positions at lower tempera-
tures. The aim of the analysis of the Méssbauer spectra in this
work is not reinterpreting the structure of magnetite MNPs
below Ty, and the results of the fittings will not be discussed.
However, the description of the thermal evolution of the
Mossbauer spectra is in line with a scenario of a broad
cubic to monoclinic phase transition. As the temperature
decreases, the relative contribution to the spectrum of the
components assigned to the monoclinic phase increases at
the expenses of the sextets corresponding to the spinel struc-
ture, becoming the main one at 77 K. It must be also under-
lined that the ratio among the resonant areas due to the
Fe’* A sites and the Fe**/>" B sites remains around 1 : 2 which
would corroborate the stoichiometry of the magnetite for all
the temperatures.

4. Conclusions

A low-cost, easy, and reproducible method to obtain iron
oxide superparamagnetic nanoparticles is presented. This
method does not need sophisticated equipment and so is
easy to reproduce anywhere. It is a low-cost, two-step
method that allows the obtaining of two kinds of nanopar-
ticles by thermal decomposition. In the first step, super-
paramagnetic nanoparticles of 9 +4nm with a saturation
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magnetization of 65emu/g and a coercive field of 1Oe are
obtained; meanwhile, in the second step, the obtained
nanoparticles with a size of 15+ 5nm present a saturation
magnetization of 70 emu/g and a coercive field of 12 Oe.
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