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ABSTRACT

The achievement of a successful heating power response of Fe304 nanoparticles for being applied in magnetic hyperthermia entails an exhaustive control of their
magnetic characteristics and therefore, of the synthesis method employed. Despite the fact that one of the best wet-chemical methods to finely adjust Fe304 nano-
particles (NPs) size over 15 nm is the thermal decomposition of iron(IIl) oleate, the studies about the specific influence of iron(III) oleate precursor on the IONPs are
particularly scarce. So, in this work five iron(III) oleate precursors have been systematically prepared varying synthesis conditions and it has been analyzed how their
characteristics affect the features of the ulterior magnetite NPs. The refined synthesis method has yield monophasic and monodisperse NPs of magnetite (Fe304) with
different sizes (in the 10-40 nm range) and morphologies (cuboctahedral, octahedral and spherical). A complete chemical, structural, morphological and magnetic

characterization have been performed to correlate the properties of the iron(IIl) oleate with the features of the subsequent magnetite NPs.

1. Introduction

Magnetic iron oxide nanoparticles (IONPs) are highly biocompatible
and versatile materials with structure dependent properties which can be
properly tailored for applications in different fields, providing a basis for
many key technologies [1,2]. These nanoparticles (NPs) are becoming
promising building blocks in the biomedical field since they can act as
contrast materials for diagnosis in magnetic resonance imaging (MRI),
drug delivery carriers or therapeutic agents in magnetic hyperthermia.
Specifically, for improving the magnetic hyperthemia performance it is
necessary to achieve high values of saturation magnetization and suitable
magnetic anisotropy, which entails an exhaustive control of the synthesis
conditions in order to prepare good quality IONPs [3,4]. Most attempts
have been focused on varying the typical parameters of the chemical
synthesis (time, temperature, solvents, surfactants, molar ratios, etc.) to
reduce crystal defects, obtain monophasic systems and tune the size and
morphology of the NPs [5]. Recently, it has been observed that precise
control over the shape of IONPs with sizes above the superparamagnetic
limit (>20 nm) gives rise to an outstanding magnetic hyperthermia
performance [6,7]. However, obtaining a fine control over the
morphology of the IONPs while keeping size/shape monodisersity, high
crystallinity and compositional homogeneity is quite challenging, a task
that turns out to be even more demanding for magnetic NPs with sizes

above 15 nm. In addition, the aggregation state increases with size which
clearly affects the hyperthermia performance. Consequently, a great
effort has been developed to understand the synthetic factors condi-
tioning the structural characteristics of the final materials [8].
Although thermal decomposition of inorganic precursors provides the
best approximation for formation of good quality magnetite nano-
particles, the nature of the iron precursors (Fe(acac)s, pentacarbony-
liron(0), iron(III) oleate, ...), solvents (octadecene, benzyl ether, ...) and
surfactants (oleic acid, oleylamine) and the employed heating profile still
lead high variability in the magnetic properties [9-11]. This fact is
related to the difficulty in the control of iron oxidation state during the
synthesis process, the evolution of Fe(III) species to Fe(Il) species or the
formation of radical intermediates and reactive monomer species [12].
It is noteworthy that the production of IONPs usually implies the
formation of iron(Ill) oleate intermediate species, regardless of the pre-
cursor used; thus, a priori, a more simple and predictable synthetic
pathway is obtained when iron(Il) oleate precursors are initially
decomposed [13,14]. Nevertheless, the composition and purity of the
iron(III) oleate is the key factor for the preparation of NPs of iron oxides,
and the iron sources employed, FeCls, Fe(acac)s, FeO(OH), etc. also
condition the iron intermediates turning ulterior nucleation and growth
in different directions [15,16]. A recent study has shown that from Fe(II)
and Fe(Ill) carbonates exclusively star-shaped nanocrystals of wiistite
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were obtained, which transformed to cubic-shaped NPs, despite the iron
source employed [17]. In the last years, several strategies have been
carried out in order to avoid wiistite formation within IONPs, such as
oxidation during, post synthetic process or esterification-mediated re-
actions at lower temperatures to avoid the over-reduction of iron, ... [14,
18,19]. However the attainment of reliable correlations between iron
precursors and the produced IONPs requires further consistent studies.

Therefore, this work aims to contribute to this topic by systematically
synthesizing iron(IIl) oleate precursors varying the synthesis conditions
and analyzing how their chemical properties affect the features of the
ulterior Fe3O4 nanoparticles. A complete chemical, structural, morpho-
logical and magnetic characterization have been performed to finally
discuss the role of the different parameters in the improvement of the
prepared magnetite NPs. These nanomaterials have also been charac-
terized by electron magnetic resonance spectroscopy (EMR) which pro-
vide additional information about dipolar interactions and magnetic
behavior both in solution and deposited on a paper.

2. Experimental section
2.1. Materials

Sodium oleate was purchased from TCI. Iron (III) chloride hexahy-
drate, hexane and chloroform were obtained from Sigma Aldrich. Oleic
acid (90%), 1-octadecene (90%), benzyl ether (98%) and oleylamine
were purchased from Sigma-Aldrich and used as received without puri-
fication. Sodium oleate (NaC;gH330,) was obtained from TCI America
(97%) and ethanol and tetrahydrofuran (THF) from Panreac S.A. and
Emplura, respectively.

2.2. Preparation of iron(IIl) oleates

Different amounts of FeCl3-6H,0O and sodium oleate (NaC;gH3302)
were mixed with hexane (140 mL), ethanol (80 mL) and distilled water
(60 mL) in a three neck round bottom flask (Table 1 and Table S1). The
reaction mixture was maintained under N5 flux and mechanical stirring
for 20 min. After that, it was heated up to 60°C at 5 °C/min and held at
reflux during 1 h. Subsequently, the mixture was cooled down, trans-
ferred to a separatory funnel and washed with water (3 x 100 mL). Then,
the organic phase was separated and transferred into a beaker to evap-
orate the remaining solvents at 110 °C during different drying periods to
ensure the complete removal of ethanol, hexane and water, resulting in
brown-reddish waxy solids. Iron(III) oleates were named as FeOL X, X =
A, B, G, D, E depending on the synthesis conditions.

2.3. Preparation of FesO4 nanoparticles

Previously synthesized iron(III) oleate (4.5 g, 10 mmol) was added to
a mixture of octadecene (10 mL), benzyl ether (5 mL) and the corre-
sponding surfactant, oleic acid (10 mmol) or oleylamine (30 mmol), in a
three neck round bottom flask under Ny flux, keeping sealed to ensure no
leaking (Table 1). The reaction mixture was heated up to 190 °C with a
temperature ramp rate of 10 ‘C/min and then to 330°C at 3 °C/min,

Table 1
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while mechanical stirring, as previously explained in our previous work
[20]. The system was held under reflux for 1 h and cooled down to room
temperature. The black powder obtained was cleaned by centrifugation
at 22000 rpm (50 min at 6 °C) by adding 10 ml THF and 20 ml ethanol.
After repetition of the process, they were dispersed in 15 ml chloroform
and stored in the fridge. In relation with the oleate precursor used in the
synthesis, nanoparticles were named as follows Fe304 X (X =A, B, C, D,
E) and in the case of the synthesis performed in the presence of oleyl-
amine, Fe304_F.

2.4. Characterization of Fe(IIl) oleates and Fe304 nanoparticles

Elemental analysis of the Fe(oleate)s precursors were carried out on a
Euro EA Elemental Analyzer (CHNS) from Eurovector and iron content
on a Horiba Yobin Yvon Active Atomic Emission Spectrometer after acid
digestion (1100 pL HSO4 and 400 pL Hy03) of the samples. FTIR char-
acterization was performed in the 400-4000 cm™! by Fourier transform
using the FTIR- 8400S Shimadzu spectrometer. The amount of organic
mass coating the nanoparticles was determined by thermogravimetric
analysis in the 20-900 °C temperature range, in Ar atmosphere with the
NETZSCH STA 449C equipment. X-ray diffractograms were collected in a
Panalytical X'Pert PRO diffractometer with Bragg-Breton geometry by
using CuKo radiation (40 kV and 40 mA). The diffractograms were
collected in the 5° < 26 < 90° range with a step size of 0.026° and scan
step speed of 1.25s. TEM images were obtained with a Philips CM200,
EDX and WDX microanalysis equipment on a single slope sample holder
at 200 kV and a point resolution of 0.235 nm. To prepare the samples, 10
pL of the stock solution was diluted in 1.5 mL of CHCl3 and a drop was
deposited on a small Cu grid with a carbon film. Magnetization mea-
surements as a function of magnetic field and temperature were carried
out on the SQUID magnetometer (MPMS3, Quantum Design model).
Magnetization at RT and 5 K was obtained from the dried samples as
powder, normalized per unit mass of Fe304 and M(T) measurements were
performed in diluted stock solutions (1 mg mL™!) deposited on a filter
paper to minimise magnetic interaction. EMR spectra were carried out at
RT on solution and solid samples using a Bruker ELEXSYS E500 spec-
trometer operating at the X-band. The spectrometer was equipped with a
super-high-Q resonator ER-4123-SHQ, the magnetic field was calibrated
by a NMR probe and the frequency inside the cavity (~9.36 GHz) was
determined with an integrated MW-frequency counter.

3. Results and discussion

Fe304 nanoparticles of different sizes have been synthesized from five
Fe(oleate)s precursors, which have been prepared varying FeCl3:NaO-
leate molar ratio and the drying period to stabilize the precursor
(annealing time) (Table 1). These oleate precursors have been charac-
terized by chemical analysis and infrared spectroscopy (Table S1 and
Table 1).

Concerning the composition of the iron(IIl) oleates, elemental anal-
ysis and iron analysis suggest a relation Ol:Fe lower than 3 for most of the
cases (except for FeOL_E), probably due to H,O molecules, impurities of
other counterions in the samples or to a small presence of Fe(II) ions

FeCl3:NaOleate molar ratio used in the synthesis of the precursor and annealing time (h) for precursor stabilization. A; and Ay (Vasym— Vsym) difference between
asymmetric and symmetric (COO ™) bands of Fe(oleate) precursors in Fig. 1. Surfactant type (OA, oleic acid and OAm, oleylamine) and amount used in the synthesis of
the Fe304 NPs. Ligand amount surrounding the NPs (TGA %), crystallite size (Dxrp) calculated by Scherrer equation and particle size obtained by TEM (Dem)-

SAMPLE Precursor FeCl5:NaOl (mmol) Annealing t (h) Al (ecm-1) A2 (cm-1) Surfact.(mmol) TGA % D XRD +o6 (nm) D TEM =06 (nm)
Fe304. A FeOl A" 40:120 Intense (21) 83 150 OA (10) 21.6 20.8+1.1 17.7+2.6
Fe304.B FeOl B 40:120 Light (21) 89 145 OA (10) 18.8 43.5+2.5 36.4+2.5
Fe304.C FeOLC 40:120 Light (42) 81 147 OA (10) 23.4 38.1+2.1 32.2+3.4
Fe304_D FeOl.D 40:115 Light (21) 72 141 OA (10) 29.6 42.0+1.7 36.2+3.3
Fe304.E FeOLE 40:125 Light (21) 83 141 OA (10) 31.6 31.1+1.7 26.0+3.5
Fe304_F FeOLD 40:115 Light (21) 72 141 OAm(30) 11.8 16.2+0.9 12.6+2.3

2 fast pre-annealing step.
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(Table S1) [15]. Sample FeOL _E has been the only one where an excess of
sodium oleate (125 mmol) has been employed.

The characteristics of the precursor, a non-crystalline brown gel, can
lead to different configurations of the iron-carboxylate complex (ionic,
unidentate, bridging and bidentate) [21]. This information has been
obtained from the separation (A = Vasym-Vsym) Of the va5y;m(COO™) and
Vsym(COO™) vibrational modes observed in FTIR spectra (Fig. 1 and
Fig. 1S). For separations lower than 110 cm ™! a bidentate coordination is
expected, for A > 200 cm ™! an unidentate ligand and between 110 and
200 cm ! a bridging coordination can be deduced [22]. To calculate A
values the band splitting has been considered and the minimum A; and
maximum A, values have been obtained, which are indicative of both
bidentate and bridging coordination in all the samples (Table 1), in spite
of the drying times employed. Increasing drying time (42 h) for FeOL_C
does not influence the type of coordination. Both modes of coordination
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Fig. 1. FTIR spectra of iron(Ill) oleate complexes: FeOl A, FeOl B, FeOl C,
FeOlD, FeOlLE. Evolution of (C=0) band, V,ym(COO™) asymmetric and
Veym(COO™) symmetric and A (Vasym — Vsym)- The FTIR spectra in the 4000-400
cm™! range are displayed in Figure S1 in the Supporting Information.
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yield homogeneous distribution of cations in the oleates, and so, homo-
geneous decomposition which provides a wide thermal window between
the dissociation of the weakly linked ligands (formation of the nuclei)
and the dissociation of the tidily ones (growth), ensuring the formation of
similar nuclei growing into uniform nanoparticles [5]. Together with
this, a strong band assigned to the C=0 group of non-coordinated or
weakly coordinated oleic acid can also be observed, which is more
intense in the case of FeOL_A and FeOL_E (Fig. 1). This last sample also
presented a stoichiometric relation of oleate ligand with respect to
iron(III) because of the excess of sodium oleate used in the synthesis, 125
mmol, (see Table 1). The FTIR spectra in the 4000-400 em! range are
displayed in Fig. S1 in the Supporting Information.

These iron(III) oleates were mixed with a surfactant (10 mmol oleic
acid) in the presence of octadecene and dibenzyl ether, except for the
preparation of Fe3O4_F where 30 mmol of oleyalmine were used, and
after thermal treatment six different magnetite samples were obtained
(Table 1). X-ray diffraction patterns of the samples, both peak positions
and intensities, match well with the inverse spinel structure (S.G. Fd-3m,
PDF 089-0691) [23], without detectable presence of impurities as wiis-
tite or other iron oxide phases. Small intensity peaks around 30° corre-
spond to crystallized octadecene which remains precipitated if the
sample has not been sufficiently cleaned (* marked in Fig. 2). The
adequate relation of surfactant and ligands, in a mixture of solvents with
a proper redox balance (see Experimental Section), have been chosen
considering previous experience and it has led to crystalline phase of
magnetite in all cases [20,24]. Deconvolution of (3 1 1) diffraction peak
has been used to calculate crystallite sizes of the particles by means of
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Fig. 2. X-ray powder diffraction patterns of magnetite samples synthesized from
iron oleate precursors: Fe304_A, Fe304_B, Fe304.C, Fe304.D, Fe304 E. *Peaks
corresponding to crystallized octadecene.
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Scherrer's equation (Table 1, Table S2). These sizes vary from 16.2 + 0.9
to 43.5 + 2.5 nm and are similar to those observed by microscopic
measurements, as will be explained later on. The smallest size corre-
sponds to Fe3O4 F (12.6 + 2.3), the nanoparticles synthesized in the
presence of oleylamine that is competing with the oleate molecules
coming from the iron oleate precursor in attaching the nuclei, and due to
its large concentration (30 mmol, see Table 1) it hinders the progressive
growth of the nuclei [25].

The amount of organic matter coating the nanoparticles has been
calculated from gradual thermal decomposition with temperature
(Fig. S2). Two huge steps can be observed in the decomposition curves,
one in the 300-400 °C range where ligands decompose or evolve to a
residue mainly formed by oleates firmly attached to iron and interme-
diate iron carbonates and the other one around 750 °C to yield a residue
formed from evolution of the magnetite core to a mixture of iron oxides,
as has been previously observed [26]. Weight losses vary from 11% to
31%, more related with the cleaning process of the nanoparticles than
with the logical relation organic matter/surface area. Despite it was ex-
pected more ligands attached to the smallest NPs which present the
highest surface/volume ratio, no such correlation was visualized, surely
due to the less affinity of an aminated ligand to iron atoms in comparison
with carboxylate ligand such oleic acid. It is worthy to mention that
samples with a very low content of organic matter (Fe3sO4_A and E) are
those with the most intense vc_o band, indicating that weakly attached
or free ligands are more easily lost in a cleaning process and oleates
forming bridging and bidentate intermediate more easily could evolve to
surface coating ligands, being maintained in the cleaning process.

Fig. 3 illustrates the morphological evaluation performed by Trans-
mission Electron Microscopy (TEM) of the samples together with the
corresponding size distributions. Among the samples synthesized with
only oleic acid, Fe304_A is the smallest one (D = 17.7 + 2.6 nm) and it
presents the highest polydispersity together with an octahedral
morphology with different truncations. Samples with fairly well-defined
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octahedral morphology are Fe3O4 B, Fe304.C and Fe304.D, showing
mono-dispersity (frem < 10%) and similar sizes between 32 and 36 nm.
In the case of Fe3O4E particles, homogeneous cuboctahedral
morphology is observed. Finally, Fe3O4_F sample size is small (D = 12.6
+ 2.3 nm) with spherical nanoparticles and with the highest poly-
dispersity index (Brgm = 18%). These morphologies can be related with
the characteristics of the iron oleate precursors (position and intensity of
the vcoo bands in infrared spectroscopy). Samples with less amount of
free ligand show more defined morphologies, in particular octahedral.
Precursors with more strongly coordinated oleates (bridging and biden-
tate) evolve to octahedral morphologies. In this case, (111) planes of the
magnetite structure are favoured due to their higher planar density; since
more ligands are attached to (111) planes, the more reactive (100) planes
tend to grow to extinction (Fe3O4_B, Fe304_C and Fe3O4_ D samples in
Fig. 1) [27]. It is worth mentioning that an increase of the annealing time
in the preparation of the iron(IIl) oleate precursor (see Table 1) causes
the nano-octahedra to grow to less extent (Fe304_C). However, in the
cases of precursors that content an excess of free ligands (Vcoo band at
1700 cm_l), the steric barrier around the (100) and (111) faces nearly
equalises giving rise to more faceted morphologies such as the cubocta-
hedron (Fe304_E) or truncated octahedra (Fe304_A). Finally, for Fe304_F
sample, the excessive amount of oleylamine in the synthesis, with less
affinity for iron, hampers the growth of any particular face and spherical
morphologies and small sizes are obtained. The effect of the annealing
time of the iron oleate can also be noticed in the smaller size of Fe304_C
sample, comparing with the other octahedral NPs (see Table 1 and
Table S1). Longer times reinforces metal-ligand coordination which leads
to a higher nucleation temperature, and hence a smaller size. It is note-
worthy that morphological sizes match rather well with crystalline sizes,
although TEM sizes are slightly smaller than DRX sizes, corroborating the
presence of single crystals in the nanoparticles and the lack of twinned
crystal, that usually appear from iron oleate precursors [15].
Magnetization measurements (M(H) and M(T)) were performed
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Fig. 3. TEM micrographs and corresponding size distributions of as-synthesized magnetite samples: A) Fe304_A, B) Fe304_B, C) Fe304_C, D) Fe304 D, E) Fe304.E, F)

Fe304_F. Scale bars 100 nm.



K. Nader et al.

between 5 and 300 K and are represented in Figs. 4 and 5. Data of
saturation magnetization, Mg, coercive field, H, and reduced remanent
magnetization M;/M;, are summarized in Table 2. The ferromagnetic
character of the samples can be gathered by the presence of hysteresis at
RT for all samples except Fe3O4_F. The values of H, at 5 K, vary among
42-62 mT, typical of this kind of Fe3O4 nanoparticles with sizes >20 nm
[28]. In the case of Fe304_F, it presents H. values close to 0 at R.T.,
characteristic of a superparamagnetic behaviour of samples with sizes
near or below the superparamagnetic limit. The saturation magnetization
values of the whole set of samples at RT are in the range of 85-90 Am?/kg
and at 5 K from 91 to 99 Am?/kg, which are very close to those of bulk
magnetite (92 and 98 Am?/] kg, at RT and 5K, respectively). These values
are representative of the high purity and quality of the crystals, with no
significant effects of magnetic ordering disturbances caused by surface
effects. These characteristics together with a suitable magnetic anisot-
ropy of the synthesized nano-octahedra (Fe304_B, Fe304_C and Fe304_D)
results in enlarged dynamical hysteresis loop area, and thus, enhanced
heating capacity in magnetic hyperthermia. In addition, the thermal
dependence of Mg values also matches well with that of stoichiometric
magnetite (6%), discarding the presence of vacancies of Fe2*/Fe3* in
most of the samples, a common drawback that is difficult to overcome
because of the inherent complexity of the reaction pathways [7,29]. The
shape of hysteresis cycles at 5 K fit well with the model of
Stoner-Wohlfarth; in fact, the reduced remanence values (M;/M;) of most
of samples are very close to the 0.5 value predicted by this model for
uniaxial single domains without magnetic interactions between particles
(Table 2) [30].

The purity and high quality of the prepared Fe3O4 nanocrystals can
also be corroborated by the step like characteristic of the ZFC-FC curves
(Fig. 5). The sharp increase in the magnetization is due to an increase in
the magnetic anisotropy because of the transition from a cubic lattice at
high temperature to a monoclinic one around 120 K (Verwey transition,
Ty). Atlow temperatures, the orthorhombic elongation of the lattice leads
to the large uniaxial magnetocrystalline anisotropy and the sharp change
in the magnetic curves. The position of the Ty also can also give infor-
mation about the stoichiometry of the samples, specifically the Fe?t/
Fe®" relation in magnetite [31]. To compare this effect in the FegO4 A-F
set of samples, the derivative of the magnetization against temperature
has been calculated and maxima have been included in Table 2. The
octahedral and homogeneous Fe304 B, Fe304 C and Fe3O4 D nano-
particles present Verwey temperatures very close to the 120 K value of
stoichiometric bulk magnetite, fact that corroborates the crystallinity of
magnetite NPs and excellent quality of these nano-octahedra. However,
displacements to lower temperatures are observed for the smallest
nanoparticles (Fe3O4_A, Fe3O4_F) and for Fe304_E, which are indicative
of a decrease of Fe2*/Fe®" relation within the magnetite phase, probably
due to the presence of vacancies in the structure. Additionally, the lower
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Tv in A, E and F nanoparticles could also be related to surface spin dis-
orders that are more easily arisen in small nanoparticles. Therefore, both
the Fe?* vacancies within the crystal structure and the possible surface
effects are responsible for the lower saturation magnetization values in A,
E and F samples (Table 2) [20]. Regarding the shape of the ZFC-FC curves
in Fe3O4_F sample, it resembles those of the superparamagnetic nano-
particles with blocking temperatures below RT (~280 K), an inference
that was previously drawn by the absence of coercivity in M(H) (Fig. 4).

The coercivity and the Mg/Mg relation have also been studied as a
function of temperature to elucidate the influence of the size and shape of
the NPs on the magnetic behavior (Fig. 6). In all the samples, both
reduced remanent magnetization and coercivity decrease with increasing
temperature with an abrupt change near the T, transition. Nevertheless,
the evolution with temperature is different from one sample to another.
Nanoparticles with octahedral morphology and M; and T, values coin-
cident with those of bulk magnetite (Fe304_B, Fe304_C and Fe304_D)
present an abrupt jump at Ty and smooth evolution of H, and Mg at lower
and higher temperatures. In the case of Fe304_A and Fe3O4_E samples a
progressive decrease of the values is observed with a smooth change
around Ty. Finally, for the smallest one (Fe3O4_F) that present super-
paramagnetic behavior, the Hc and Mr/Ms values steadily decrease with
temperature. It is to note that coercivity is influenced by the anisotropy
energy, that is, by the magnetic anisotropy constant (K) and the volume
of the NPs (V); thus for more anisotropic NPs with larger sizes the cor-
responding M(H) curves should contain wider hysteresis. At this point it
should be highlighted that previous studies have shown that the octa-
hedral morphology in magnetite NPs produces larger shape anisotropy
than other more commonly obtained morphologies such as spherical,
cubic and cuboctahedral [20]. Thus, Fe304-B, C and D samples composed
of octahedral NPs with the average dimensions in the 38-42 nm range
present larger H values in the whole range of temperatures, from 5 K to
300 K, being really important that these samples present quite large Hc
values at RT, a feature that would bring on large hysteresis areas in AC
measurements, as long as the dipolar interactions among NPs are mini-
mized. In consequence, Fe304 B, C and D present, a priori, a great po-
tential to carry out efficient antitumoral magnetic hyperthermia
treatments.

Finally, Electron Magnetic Resonance (EMR) has been employed to
fulfill the contributions of internal magnetization of the samples, as EMR
is a powerful technique for both superparamagnetic and ferromagnetic
systems (Fig. 7). The measurements have been performed in colloidal
dispersions of chloroform after vigorously shaking the solutions for 5 min
to avoid the lack of reproducibility observed in spectra of solid samples.
The signals appearing in Fig. 7 are asymmetric and broad and in some
cases, different contributions are observed. Despite the difficulty in
calculating the ge¢r values due to the asymmetry of the curves, a clear
evolution of the resonance field, H; (estimated from the maxima and the

100 1
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Fig. 4. Magnetization versus magnetic field curves of the magnetite samples obtained from iron(Ill) oleate precursors: Fe304_A, Fe304_B, Fe304_C, Fe304 D, Fe304 E
and Fe304_F. a) 5 K and b) 300 K. The insets show an enlarged view of the low field region.
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Fig. 5. Magnetization as a function of temperature measured in ZFC (solid markers) and FC modes (open markers) of samples together with derivatives of ZFC
magnetization (black lines) of magnetite samples obtained from iron(IIl) oleate precursors: Fe304_A, Fe304 B, Fe304_C, Fe304 D, Fe304_E and Fe304_F.

Table 2
Data of nanoparticle sizes obtained from XRD, saturation magnetization (Ms), coercivity (H,) and reduced remanence (M,/Ms) at RT and 5 K and Verwey transition
temperature (T,) of the whole set of Fe304 nanoparticles.

SAMPLE XRD M;s at RT (Am?/Kginor) M; at 5K (Am?/Kginor) H_ at RT (mT) H, at 5K (mT) M,/M; M,/M; T, (k)
D (6)(nm) 300 K 5K
Fe304 A 20.8 + 1.1 88 [2] 97 [2] 0.9 [1] 52.0 [1] 0.02 [2] 0.39 [2] 107 [1]
Fe;04 B 435+ 25 90 [2] 96 [2] 6.6 [1] 61.7 [1] 0.23 [2] 0.45 [2] 117 [1]
Fe30,4.C 38.1 + 2.1 90 [2] 96 [2] 5.3 [1] 61.4 [1] 0.19 [2] 0.44 [2] 118 [1]
Fe304.D 420+ 1.7 94 [2] 99 [2] 11.3 [1] 62.3 [1] 0.18 [2] 0.45 [2] 117 [1]
Fes04E 311+ 1.7 85 [2] 91 [2] 1.3[1] 53.0 [1] 0.09 [2] 0.49 [2] 107 [1]
Fes04 F 16.2 + 0.9 88 [2] 97 [2] 0 42.4 [1] 0 0.47 [2] 97 1]
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Fig. 6. a) Coercivity (H) and (b) reduced remanence (M,/Msg) as a function of temperature of magnetite samples: Fe304_A, Fe30,4_B, Fe304_C, Fe304_D, Fe304 E
and Fe304_F.

zero crossing of the absorption derivative) is observed from one sample
to another. Nevertheless, in all cases g values are above 2.122 which
corresponds to the alignment of crystalline magnetite along the easy axis,

meaning that through this technique all the samples (even FesO4 F
sample) are perceived as ferromagnetic, note that the time window for an
EPR measurement is lower than for DC Magnetometry [32]. The H; field
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Fig. 7. a) Room-temperature EMR spectra of the magnetite samples at random: A) Fe304_A, B) Fe304_B, C) Fe304_C, D) Fe304_D, E) Fe304_E and F) Fe304_F. b) Spectra
of Fe30,4_E sample deposited on an acetate film measured in plane (6 = 0°) and out of plane (6 = 90°). The measurements at 6 = 0° and 6 = 180° of Fe304_A, B, C, D, F

can be found in Fig. S3 of the Supporting Information.

depends on the alignment of the nanoparticles towards the external
magnetic field, that is, on the internal field of the nanoparticles that in-
creases with the size and anisotropy (shape and surface) of the particles
[33]. The H; of our set of magnetite samples are arranged in increasing
order as follows: Fe304_B < Fe304_D < Fe304_C < Fe304_E < Fe304 A <
Fe304_F, a trend that matches well with the decreasing sizes observed for
the nanoparticles (Table 2).

The signals of the majority of the NPs are asymmetric with an intense
peak at lower fields due to the alignment towards the external magnetic
field. In the case of the octahedral NPs (Fe304_B, Fe304_D, Fe304_C) the
peaks are narrower, which denotes that these samples present very low
polydispersity. It is to note the shape of the spectrum of Fe3O4_E (Fig. 7a),
where a very narrow signal is observed, denoting a high homogeneity in
the resonant field values for all the particles of the sample. This fact
implies not only a low dispersity of sizes but also the absence of intense
dipolar interactions among the particles that could give rise to the for-
mation of aggregates or hinder the alignment of the particles with the
applied field. The symmetry of the morphology, cuboctahedral nano-
particles, together with the large amount of organic matter coating the
nanoparticles (see Table 1) seems to be the reason for the lack of in-
teractions. Actually, at high resonant fields only a weak contribution
could be observed in Fe304_E sample. In the case of the Fe304 A and
Fe304_F samples, the spectra are quite broad evidencing the difficulty of
orientation of the particles with the field. This fact is usually related to
the dispersity of sizes or morphologies of the nanoparticles along with
the presence of agglomerates. Taking into account the TEM study, the
samples with less defined facets and larger dispersion of sizes are
Fe304_A and Fe304_F, and as it can be observed in Fig. 7 and Fig. S3, these
features clearly influence the shape of the spectra (Fig. 3).

In order to gain a better insight into the influence of the magnetic
dipolar interactions of these nanomaterials, NPs suspensions have been
deposited on an acetate film and the EMR spectra have been recorded with
the applied field parallel (6 = 0° orientation) and perpendicular (6 = 90°)
to the film plane. The spectra Fe3O4_E together with the spectrum of the
sample in solution is shown in Fig. 7a and the spectra of both orientations
for all the samples have been displayed in Fig. S3. In all cases, the EMR
signals shift towards higher fields than those observed for the samples
dispersed in chloroform, even for measurements made with the applied
field parallel to the plane of the sample. This fact implies that dipolar in-
teractions become more significant and the nanoparticles aggregate gently
over time as the solvent starts evaporating. The Fe3s04_B, Fe304_C, Fe304 D
and Fe304_E nanoparticles, which present sizes in the 31-43 nm range,
show wider differences between the resonant fields in both directions,
indicating higher magnetic interactions between particles. The strength of
the interactions diminishes for smaller sizes, that is Fe304_A and Fe304_F
nanoparticles, as it could be expected [34].

4. Conclusions

Five iron(III) oleates have been synthesized changing the Fe:NaOleate
molar ratio and the annealing time for solvents removing. Next, FesO4
nanoparticles have been synthesized from these oleate precursors and the
effects that the precursor features have on the ulterior magnetite NPs
have been analyzed. In all the cases, monophasic and single crystals of
magnetite with a narrow size distribution have been obtained. It has been
observed that precursors synthesized with Fe:Oleate ratio <3 give rise to
well-faceted nano-octahedra and sizes among 32 and 36 nm and with a
very good shape/size homogeneity. It has also been observed that a
larger annealing time in the synthesis of the precursor brings on smaller
octahedral nanoparticles. Additionally, the samples composed of octa-
hedral NPs display a saturation magnetization (Ms) and a Verwey tem-
perature (Tv) similar to bulk magnetite. In addition, these octahedral
samples have given rise to large coercivity values at RT. These charac-
teristics, high quality NPs with high saturation magnetization together
with a more suitable magnetic anisotropy are the key factors to obtain
efficient magnetothermal actuation for being applied as agents for
magnetic hyperthermia. Otherwise, when the precursors are synthesize
using Fe:Oleate relation >3 the resulting nanoparticles present a
cuboctahedral morphology and a magnetite phase with few Fe?" va-
cancies, which involves a slight decrease in the Ms and Tv of the NPs. On
the other hand, when the synthesis of the magnetite NPs is carried out
with large amounts of oleylamine the resulting samples present a lower
average dimension (~12 nm), spherical morphology, larger polydisersity
of sizes and a superparamagnetic behavior. Finally, the EMR study has
shown that octahedral particles show narrower peaks, which corrobo-
rates the good monodispersity and suitable features of these kind of
nanosystems. To sum up, a proper control of the reaction conditions of
iron oleate precursors is essential to reach high quality FesO4 nano-
particles with excellent magnetic properties and great potential for
therapeutic magnetothermal applications.
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