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In spite of the progress in synthetic methods to obtain nanoparticles, particularly magnetite either
uncoated or coated, the implementation of easier, faster and reproducible protocols to obtain well-
defined nanoparticles is still a challenge. In this work we present a one-pot approach to synthesize
FesO4 nanoparticles uncoated and coated with dodecylamine (DDA), starting from a single iron
precursor (FeCl,) and incorporating a non-conventional stirring regime into the procedure. The products

Received 9th May 2018, were characterized by XRD, TEM, TGA, FT-IR and Mdéssbauer spectroscopy, confirming the obtaining of

Accepted 2nd July 2018 the target materials. The magnetic measurements showed that the coated nanoparticles (FesO,@DDA)

DOI: 10.1039/c8nj02270d exhibited a higher saturation magnetization (M) and smaller coercivity (H.) than the uncoated ones. The

compromise between the saturation magnetization displayed by FesO,@DDA nanoparticles and the ease
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Introduction

One of the main challenges of nanoscience has been the
development of easy and reproducible synthetic protocols to
obtain nanostructures with well-defined composition for
diverse applications like catalysis,"”* adsorption,®* sensing,>®
optics,” and medical,®**° among others, where performance
critically depends on the size and shape of the nanoparticles.
Among a variety of techniques, the liquid phase synthesis
methods are by far the most used to synthesize nanomaterials.'*
In recent years such methods have advanced significantly,
providing nanostructures of high purity and uniformity.
Particular attention has been given to the improvement of
the synthesis methods to obtain magnetic iron oxide (generally,
magnetite Fe;O, and/or maghemite y-Fe,O3) due to their
diverse technological and biological applications such as
contrast agents for Magnetic Resonance Imaging (MRI), carriers
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of its synthesis shows the potential of the method to obtain materials applicable to medical therapies.

for drug delivery'>'® or gene therapy,'* therapeutic agents for

hyperthermia based cancer treatments'®> and magnetic sensing
probes for in vitro diagnostics (IVD)."®™®

An assortment of chemical methods has been developed
to synthesize magnetic/superparamagnetic iron oxide nano-
particles for diverse applications;'® to mention some, the
synthesis via microemulsions, sol-gel syntheses, sonochemical
reactions, hydrothermal reactions, hydrolysis and thermolysis
of precursors, high-temperature reactions, and electrospray
syntheses.”>*" Additionally, nanoprecipitation,”*** colloidal
and polyol methods***> have also been applied, with the
possibility to incorporate surface coatings, both organic or
inorganic, on the magnetic nanoparticles, as stabilizing agents
to reduce aggregation but also to confer properties like stability
against oxidation processes (see ref. 11), biocompatibility
and hydrophilicity, crucial in the nanobiotechnology area.
Generally, different nanoparticles can be coated in one of the
following scenarios: in situ,”® or post-synthesis,””*® accompanied
in both cases by the narrowing of the size distribution.>® The most
common coatings are dextran, polyethylene glycol (PEG), polyvinyl
alcohol (PVA), poloxamers, and poloxamines;***! and other
amines such as dodecylamine (DDA)**** and amino-functional
alkoxysilanes.*

Although the existing methods to synthesize nanoparticles
have been optimized, some of them involve many phases,
complicated purifications or multi-step processes with long
reaction times, often under inert atmosphere conditions and
elevated temperatures.®®
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In this article, we report a one-pot aqueous approach to
synthesize coated Fe;O, nanoparticles (Fe;0,@DDA), under
stirring in a rotary evaporator, using dodecylamine (DDA) as a
surface-functionalizing agent, and FeCl, as the single iron
precursor. The reaction was carried out in five minutes, and
an inert atmosphere was not needed since the dissolved oxygen is
involved in the reaction. Similar protocols have been reported
where the same Fe precursor was used, and mild reaction
conditions were adopted®®?” but the reaction times extend up
to two hours.?®

The synthetic method is reproducible and the resulting
nanoparticles are stable and water-dispersible. Uncoated Fe;O,
nanoparticles were obtained under the same experimental
conditions.

Experimental section
Materials

Iron(u) chloride tetrahydrate (98% m/m), dodecylamine 99%
(DDA) and KOH pellets (>85%) were purchased from Sigma-
Aldrich and were used without further purification. Ultrapure
water (with a value of resistivity equal to 18.2 MQ cm™' and
2 ppb of TOC (carbon-oxygen traces)) was used throughout the
whole experiments.

Instrumentation

The structure and average size particles of Fe;0, and Fe;0,@DDA
were determined by X-ray Powder Diffraction (XRD) with a Bruker
AXS D8 Advance diffractometer. Transmission Electron Micro-
scopy (TEM) observations were carried out in a JEM-ARM200F
instrument (JEOL Japan), operating at 200 KkV. Particle size
distribution was measured by using ImageJ program.*® Thermal
stability of the nanoparticles was evaluated by thermogravimetric
analysis (TGA) with a TA Instruments TGA Q500 IR with platinum
tray, applying a heating rate of 10 °C min~" under N, and air
atmosphere. Fourier Transform Infrared spectroscopy (FI-IR)
spectra were obtained with a spectrometer Thermo Scientific
Nicolet 6700. The magnetic properties were measured using a
Physical Property Measurement System (PPMS) from Quantum
Design, with a vibrating sample magnetometer (VSM) option and
a home-made transverse susceptibility (TS) probe. The trans-
mission Mdssbauer spectroscopy was carried out using a *>’Co
in rhodium source mounted in a constant acceleration spectro-
meter. Three spectra of the Fe;0,@DDA were taken in a powdered
thin absorber (5 mg cm™?) under different conditions: at room
temperature and at 77 K in a home-made cryostat. To determine
the effect of the DDA coating, a spectrum of synthesized Fe;O,
was also recorded. All the spectra were fitted with the Recoil
program®® and the reported isomer shifts are respect to o-Fe.

Synthesis

Fe;0, nanoparticles. 50 mL of a solution of FeCl,-4H,0
(1.20 mM) in ultrapure water was prepared and then poured
into a 200 mL ball-flask. To this solution was added KOH
(1.8 mmol) and the mixture was placed without inert atmosphere
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or vacuum on a rotary evaporator at 245 rpm and heated at 90 °C
for 5 minutes to obtain Fe;O, nanoparticles as a black precipitate.
The solid was decanted using a neodymium magnet and the
nanoparticles were washed several times with water/acetone and
then lyophilized.

Fe;0,@DDA nanoparticles. 50 mL of a solution of FeCl,-
4H,0 (1.20 mM) in ultrapure water was prepared and then
poured into a 200 mL ball-flask containing an emulsion with
250 mg of DDA (1.34 mmol) and KOH (1.8 mmol) in ultra pure
water. The mixture was placed without inert atmosphere or
vacuum on a rotary evaporator at 245 rpm and heated at 90 °C
for 5 minutes to obtain DDA coated Fe;O, nanoparticles
(Fe;0,@DDA) as a black precipitate. The solid was decanted
using a neodymium magnet and the nanoparticles were washed
several times with water/acetone and then lyophilized.

Results and discussion

Commonly the obtaining of coated nanoparticles involves first
the synthesis of the “core”, followed by the coating with some
material.’ The synthetic method here reported allows to obtain
magnetic nanoparticles, both coated and uncoated, in one step
and in a reproducible way.

From XRD results, the presence of narrow and intense
diffraction peaks demonstrated the crystallinity of the synthe-
sized nanoparticles. According to the diffraction patterns
(Fig. 1), regardless of the presence of DDA as a stabilizing
agent, Fe;0,4, and Fe;0,@DDA nanoparticles showed the same
characteristic spinel structure of the magnetite (JCPDS 19-0629)
with a principal reflection along (311) plane and none secondary
phases.

Interestingly, also their average size range (10-30 nm) is
similar. By the Scherrer equation,’® the calculated average
particle size was around 25 nm, which reasonably agrees with
the microscopic measurements shown below. In terms of the
average size, apparently not only the coating but also the
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Fig. 1 XRD pattern analysis for Fes0,@DDA nanoparticles (Ko Co = 1.7903 A).
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stirring regime by a rotary evaporator could be playing an
important role since clearly differs from the conventional
mechanical agitation that induces aggregation during the
synthesis,”® as well as the formation of a non-magnetic
brown-red suspension of iron compounds,** thus affecting
the reproducibility of some of the synthetic methods reported
in the literature.*’

Further studies will be conducted to get deep insight con-
cerning the role of the stirring regime used in the present
synthesis.

Transmission Electron Microscopy (TEM) revealed that
uncoated magnetite nanoparticles (Fe;0,) shown in Fig. 24,
exhibit particle sizes between 11.8 and 26.1 nm, according to
the histogram displayed in the inset of the figure.

In the case of Fe;0,@DDA coated nanoparticles (Fig. 2B) it
can be seen that particle sizes are mostly around 20 and 35 nm,
with an evident disaggregation, compared to the Fe;O, sample,
which is attributable to the DDA coating in the nanoparticle
surface. High-resolution TEM of Fe;0,@DDA (Fig. 2C) clearly
indicated the lattice fringes of the Fe;O, core (d spacing =
2.94 A), in one nanoparticle of around 26 nm. Moreover, the
indexation of the diffraction pattern displayed the (220), (220)
and (400) planes corresponding to the crystalline cubic spinel
core of Fe;0,4, which allows to the complete indexation of the
remaining reflections. It is important to mention that the
exhaustive analysis of several sections of the sample under
study gave the same phase found in Fig. 2C. On the other hand,
the Z-contrast image (Fig. 2D) exposes the coating, which it is
estimated to be around 22.4 nm.

Thermogravimetric analyses (TGA) were carried out in air
or nitrogen atmosphere for both Fe;O,@DDA and Fe;O,
magnetite nanoparticles previously lyophilized.

Thi o0 b6 %
o

|

22,4 nm

Fig. 2 TEM images, (A) FesO4 nanoparticles with histogram showing size
distribution; (B) FezsO4@DDA nanoparticles with histogram showing
size distribution; (C) a high-resolution TEM image of a Fes0,@DDA and
the respective indexed diffraction pattern; (D) Z-contrast image of
FesO4@DDA isolated indicating the length of DDA coating.
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As shown in Fig. 3, the comparison between the samples
Fe;0, in air (black) and Fe;0,@DDA both in air (red) and in N,
(blue), reinforces the TEM observation of the presence of DDA
organic coating, with a degradation temperature range around
120-680 °C.

In red, 14.84% of mass, corresponding to the organic layer
(DDA), is lost in a one-step pattern, while in blue, the first loss
process corresponds to 9.27%, and the second to 9.02% of total
mass. The uncoated sample Fe;O,4/Air (black) was taken as a
reference.

The weight loss observed in the range of 80-100 °C is related
to the loss of water molecules that remain even after lyophiliza-
tion of the samples, which demonstrates their structural
nature. In the case of Fe;0,@DDA/Air, an abrupt loss of mass
is detected between 145-360 °C which implies the degradation
of organic layer by combustion due to the presence of atmo-
spheric oxygen, under the experimental conditions.

The most interesting information comes from the TGA of
Fe;0,@DDA/N, (blue). The organic layer weight loss shows
a two-step degradation pattern, the first one between 155 and
400 °C and the second is registered from 400 to 680 °C,
indicating that under an inert atmosphere, the pyrolysis degra-
dation process is slow enough to detect the mass loss of DDA
multilayers attached to the nanoparticle surface.

Both samples, Fe;O, and Fe;O,@DDA were characterized
by FT-IR, and the spectra are shown in Fig. 4.

The presence of magnetite core is verified by the two
absorption bands above and below 500 cm™", corresponding
to the Fe-O vibration. From the comparison of both FT-IR
spectra, it is possible to demonstrate the presence of the
organic coating in the Fe;0,@DDA sample via the bands
around 2900 cm ', corresponding to the vibration of —-CH,
groups of DDA. In the region of 3250 cm ' is observed a
broadband attributed to the vibration of O-H bonds from water
molecules.

100
| 1.91%
95
$ 90 -
-
20
S 85
=
80 - 14.84%
1 FE304/A11'
75 Fe304 @ DDA / Air
] Fe30, @ DDA /N, 9:02%
70 e
100 200 300 400 500 600 700

Temperature °C

Fig. 3 Thermogravimetric analyses (TGA) of the samples FesO,@DDA/Air
(red) and FezO4,@DDA/N; (blue) previously lyophilized.
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Fig. 4 FT-IR by ATR of magnetic nanoparticles FezO,4 and FesO,@DDA.

Considering the magnetization as the most important
property of the magnetite nanoparticles, zero-field-cooled/
field-cooled (ZFC/FC) magnetization-temperature (M-T) curves
were measured between 10 and 350 K, with H = 50 Oe, while
hysteresis loops, M-H, were measured at 50 and 300 K, applying
fields up to H = 50 kOe.

As a reference, the saturation magnetization for the sample
Fe;O, was measured. After the hysteresis loop was acquired,
values of 54 emu g ' and 190 Oe were obtained for the
saturation magnetization (M) and coercivity (H.) respectively
(Fig. 5). The relatively low value of M, can be associated with
the agglomeration previously observed by TEM, which is a
consequence of the strong magnetic dipole-dipole interaction,*®
that in turn is related with a decrease in heating efficiency*” and
becomes relevant when the hyperthermia is considered as a
possible application.

The Fe;O,@DDA nanoparticles, on the other hand, exhi-
bited a higher saturation magnetization (M = 73.7 emu g~ ')
than Fe;0,, with a lower coercivity (H. = of 66 Oe), as shown
by the hysteresis cycle in Fig. 6, presumably because of the
avoidance of agglomeration due to the presence of the coating, with
chains long enough to correlate with better heating efficiencies.

The magnetization value achieved for Fe;O,@DDAis compar-
able to those observed for other coated magnetite nanoparticles
synthesized by more elaborated methods.*® According to the
literature,**”° the existence of certain coercivity, like that exhibited

13110 | New J. Chem., 2018, 42, 13107-13113
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Fig. 5 Hysteresis loop analysis for FesO4. Ms = 54 emu g~ and H. = 190 Oe.
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Fig. 6 Hysteresis loop analysis for Fes0,@DDA. M, = 73.7 emu g™+ and
Hc = 66 Oe.

by the sample Fe;0,@DDA, would not discard this material to be
used in therapies such as hyperthermia.

To get deep insight into the magnetic behavior of the
samples, the hyperfine magnetic fields were determined by
Mossbauer spectroscopy. The spectrum of the Fe;O, nano-
particles is displayed in Fig. 7A. It consists of two magnetic
sextets (with a contribution of 90.3%), whose parameters
correspond to magnetite (Table 1), and an apparent quadrupole
doublet (with 9.7% contribution), probably attributable to a
superparamagnetic behavior of smaller particles. It is interesting
to note that when the nanoparticles are coated with DDA, the
room temperature spectrum exhibits a noticeable doublet (a
contribution of about 45%) due to particles whose sizes must
be around 10 nm, and two smeared magnetic sextets (Fig. 7B and
Table 2) associated with bigger (size >30 nm) nanoparticles.

The differences between these spectra can be explained by
the inter-particle interactions when the nanoparticles are nearly
in contact (uncoated sample).”* In both cases, the blurriness of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Fig. 7 Modssbauer spectra of (A) FesO4 and (B) FesO4@DDA nanoparticles.
Table 1 Mossbauer parameters of uncoated FesO4 nanoparticles
Site parameters d (mms* AQ (mm s™) H (T) I (mm s % site populations
Doublet 0.290 £ 0.031 0.704 £+ 0.057 0.19 9.7 £ 0.11
Sextet 1 0.317 £+ 0.021 —0.057 £ 0.021 49.22 + 0.14 0.19 20.7 £+ 0.34
Sextet 2 0.470 £ 0.020 0.015 £ 0.020 44.80 + 0.20 0.35 69.6 + 0.45
¢ = isomer shift; AQ = quadrupole splitting; I' = line width.
Table 2 Md&ssbauer parameters of coated FesO,@DDA nanoparticles using the Voigt model
Site parameters d (mm s AQ (mm s™Y) H (T) I (mms™) o (mms™?) % site population
Sextet 1 0.310 £+ 0.01 0.003 £ 0.001 47.46 + 0.07 0.19 0.30 25.3 £ 0.7
Sextet 2 0.540 + 0.01 —0.057 £ 0.002 41.25 + 0.07 0.19 0.30 29.4 £ 0.4
Sextet 3 0.470 £ 0.002 0.015 £ 0.010 2.10 £ 0.08 0.19 0.18 44.8 £ 0.5

d = isomer shift; AQ = quadrupole splitting; I' = line width, ¢ gaussian width.

the sextets is caused by magnetic field distributions that arise
from the different orientations of the single magnetic domains
coupling between neighbor nanoparticles. In consequence, in
the fitting processes, Voigt line shapes were used.”*”?

To assure that the origin of the observed quadrupole doublet
is due to a superparamagnetic behavior, a liquid nitrogen
temperature spectrum was also recorded (Fig. 8 and Table 3)
which is below the blocking temperature of magnetite nano-
particles of the average size estimated from the X-ray diffraction
and TEM results. At those size nanoparticles, one should expect
the normal magnetic behavior of magnetite (two differentiated
sextets), however, the spectrum has clear signals of a super-
position of the blurred sextets observed in the spectrum
at room temperature, that is, the decoupling between single
magnetic domains of the agglomerated nanoparticles is not
completely broken at low temperature, and two new sextets
associated with the nanoparticles below their blocking tem-
perature are observed. Table 3 summarizes the parameters
obtained under these conditions.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Fig. 8 Mdssbauer spectrum of the FezsO,@DDA nanoparticles at liquid
nitrogen temperature.
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Table 3 Mdssbauer parameters of coated FesO,@DDA at liquid nitrogen temperature

Site parameters 0 (mms") AQ (mm s™) H (T) I (mms™) % site populations
Doublet 0.382 £ 0.045 0.712 £+ 0.072 0.3 5.80 £+ 0.54
Sextet 1 0.394 £+ 0.016 —0.015 £+ 0.016 51.21 £+ 0.13 0.3 24.40 £+ 0.18
Sextet 2 0.368 £ 0.033 —0.036 £+ 0.030 45.72 + 0.41 0.875 4+ 0.047 69.80 + 0.43

0 = isomer shift; AQ = quadrupole splitting; I" = line width.

One of the important facts to be noted is the unfolding of
the collapsed sextet associated with the superparamagnetic
behavior of the dispersed nanoparticles. In this scenario, a
simple fitting process was done with Lorentzian profiles allowing
large values of the line widths. Interestingly, the spectrum still
shows a doublet, indicating the presence of nanoparticles whose
dimensions are smaller than 10 nm.

Thus, the determinations by Mdssbauer spectroscopy, particu-
larly at low temperatures, allow us to understand the magnetic
behavior of the Fe;0,@DDA nanoparticles in terms of the relatively
low coercivity as a consequence of a certain degree of super-
paramagnetism which, as stated before, confers to this material a
high potential in medical applications.

Conclusions

Magnetic nanoparticles Fe;0, and Fe;0,@DDA were obtained
by a fast and reproducible method that incorporates a non-
conventional stirring regime as an important parameter. The
synthesis protocol allowed obtaining a homogeneous coating
profile for Fe;O,@DDA nanoparticles, as was clearly observed
by Z-contrast (HAADF) in TEM. According to TGA, DDA coating
multilayer pattern were achieved, whose thermal degradation is
related to their relative strength of interaction with the nano-
particles (inner and outer layers). FT-IR spectra corroborated the
presence of both the coating and the structural water molecules.
As noted by several authors, the presence of coatings like DDA
in Fe;0,@DDA nanoparticles promotes high dispersability
and deaggregation, which positively impacts properties like the
average size and the magnetic behavior. From the magnetization
measurements, the coated nanoparticles Fe;0,@DDA exhibited
higher values of magnetization and lower coercivity, com-
pared with the Fe;O, sample. The compromise between the
saturation magnetization displayed by Fe;O,@DDA nano-
particles (M; = 73.7 emu g ') and the ease of its synthesis,
shows the potential of the method to obtain materials applicable
in medical therapies.

From Mossbauer experiments, the following conclusions
can be drawn; first, the noticeable difference between the
spectra of coated and uncoated samples reconfirms the effec-
tiveness of the DDA coating in the dispersion of the nano-
particles. Second, the remaining magnetism observed in the
room temperature coated nanoparticles spectrum must be
associated with a persisting fraction of agglomerated nano-
particles, presumably related with the formation of small
clusters during the synthesis. Third, the spectrum acquired at
liquid nitrogen temperature confirms that what seems to be a

13112 | New J. Chem., 2018, 42, 13107-13113

quadrupole doublet is actually a collapsed sextet, due to the
superparamagnetic behavior of the nanoparticles. However, a
minute doublet still presents manifesting that our sample
contains a portion of particles smaller than 10 nm.
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