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FeszO4 Nanoparticles Prepared by Seeded-Growth
Route for Hyperthermia: Electron Magnetic
Resonance as a Key Tool to Evaluate Size
Distribution in Magnetic Nanoparticles.
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Monodispersed FesO4 nanoparticles have been synthesized by a thermal decomposition method
based on seeded-growth technique, achieving size tunable nanoparticles with high crystallinity
and high saturation magnetization. EMR spectroscopy becomes a very efficient complementary
tool to determinate the fine details of size distributions of MNPs and even to estimate directly
the size in a system composed of a given type of magnetic nanoparticles. The size and size
dispersity affects directly to the efficiency of MNPs for hyperthermia and EMR provides a direct
evaluation of these characteristics almost exactly in the same preparation and with the same
concentration as used in hyperthermia experiments. The correlation observed between the
Specific Absorption Rate (SAR) and the effective gyromagnetic factor (gefr) is extremely

remarkable and renders a way to assess directly the heating capacity of a MNP system.

Introduction

Magnetite (FesOa4) nanoparticles arouse enormous interest for
some biomedical applications as they combine useful magnetic
properties, good biocompatibility and low cytotoxicity!?,
Examples of potential use of these nanoparticles include topics
as magnetic targeting, drug delivery, magnetic resonance
imaging or, in particular, hyperthermia®, which makes use of
the heating ability of magnetic nanoparticles (MNPs) under a
radio frequency magnetic field. As a rule in these applications,
particle size lies preferably below the superparamagnetic limit,
preventing unwanted aggregation effects that could degrade the
colloidal stability’. The performance of the MNPs in
hyperthermia is usually measured through the so-called Specific
Absorption Rate (SAR) which, apart from the particular
characteristics of the applied AC magnetic field, depends on a
number of critical properties of MNPs, as saturation
magnetization, magnetic anisotropy, size, or colloidal stability®?,
From the experimental point of view the way to find the best
compromise of all is constrained by the ability to produce custom
design MNPs of high quality, and this is still a major challenge
nowadays. For this task the choice of an enough versatile and
robust preparation method is decisive and wet chemical routes
based on the thermal decomposition of organometallic
precursors have proved to be very promising!®-12, though water-
solubility has to be achieved in a subsequent surface treatment?*3,
Among the existing protocols of this preparation route, the

seeded-growth method allows for a fine-tuning of particle size
and yields monodisperse nanoparticles!4. Although the seeded-
growth method is well developed for 5d noble metal and 11-VI
semiconductor NPs, this process in 3d transition metals is much
more challenging due to the difficulty to separate the nucleation
and growth processes'®. To accomplish this, the use of an
appropriate mixture of surfactants'® is essential to ensure a
homogenous growth of starting nuclei, avoiding aggregation of
particles and improving colloidal stability?'’.

Seed mediated growth has been little used in previous works
to produce MNPs for hyperthermia, especially if it is compared
to other wet synthetic routes, which lead often to more
polydisperse materials. Recently, Guardia et al. reported high
values of SAR in cube-shape nanocrystals with edge lengths
from 12(1) to 38(x9) nm prepared by thermal decomposition
method, but the hypothetical correlation between MNPs size and
SAR values was not observed18. Formerly, Levy et al were able
to control finely the size of magnetite nanoparticles by using a
one-pot seeded-growth method19, but SAR and magnetic
properties were found to be worse than expected. The existence
of strong surface effects and/or frustrated magnetic layer was
postulated as a possible explanation of the unexpectedly low
magnetization in the initial seeds, which became even lower for
larger particles.

In this synthetic method, successive additions of reagents
over previously synthesized magnetic particles promotes to some
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extent the formation of several populations of magnetic cores
with distinct sizes coexisting in the same sample; especially
when seeded-growth is carried out in a multi-pot method,
namely, when additions are done in independent reaction vessels,
using previously isolated product as a seed. This effect, more
significant in the growing of larger nanoparticles, often requires
additional cleaning processes of the as-prepared samples to hit
good monodispersity. In this way, the success of the seeded-
growth requires the ability to confirm the high quality of seeds
and to detect subtle changes in size distributions of magnetic
cores. For this purpose, those techniques specifically sensitive to
magnetic properties come to be an essential instrument and help
to understand why magnetic response of samples is sometimes
so far away from the expected one.

In this sense, the use of a sensitive tool, as Electron Magnetic
Resonance (EMR), largely amplifies the ability to detect small
changes in any system of magnetic nanoparticles. EMR can
provide useful information on particle size evaluation, shape and
surface effects or inter-particle interactions?®2%, By the use of a
correct strategy to eliminate the influence of sample handling
over the reproducibility of experiments, EMR can be exploited
in the study of MNPs?223, For the particular case of magnetite
nanoparticles, the room temperature EMR spectra measured on
solid samples show asymmetric lines with rather large line-
widths, rapidly increasing with particle size. In addition,
resonance fields depend on the amount of powder and small
angular dependences of resonant line positions have been
observed even in apparently totally disordered systems. Most of
these problems can be minimized when the spectra are recorded
in a colloidal medium, as toluene dispersions. For this reason, all
the EMR measurements presented in this work have been carried
out directly in liquid samples, so that all the spectra are
reproducible.

To sum up, EMR technique is proposed as a complementary
tool to Transmission Electron Microscopy (TEM) to evaluate the
size distribution of the whole sample of magnetite nanoparticles
used in hyperthermia measurements. The impact of size and
dispersion in the performance of MNPs for hyperthermia is still
a matter of debate and direct comparison of EMR and SAR
measurements will provide evidences in this sense. In this work,
the seeded-growth method has been shown as a very suitable
synthetic route to adjust the size and monodispersity of oleic acid
coated FesOs NPs with high magnetization values. The so-
obtained samples, that exhibit strong size-dependent heating
power, well compatible with the theory, could have a promising
applicability in hyperthermia therapies.

Experimental

Materials

Iron (0) pentacarbonyl, 1,2-hexadecanediol (90%), oleic acid
(98%), oleylamine (70%), benzyl ether (99%) and toluene
(99.8%) were purchased from Sigma-Aldrich and used as
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received without purification. Ethanol was purchased from
Panreac S.A

Synthetic procedure

FesOs4 nanoparticles with diameters from 4.3 to 14.9 nm
(samples A-F) have been prepared by a modified solution-
phase thermal decomposition method?*. The innovation is
based on seed mediated growth?® and the subsequent purifying
process monitorized by EMR. High homogeneity is achieved
when 3 types of ligands with different affinity for iron atoms
(carboxylic acid, alcohol and amine, from higher to smaller
affinity) are combined in a specific molar ratio. In a typical
synthesis of 4 nm Fe3O4 nanoparticles (sample A), benzyl ether
(20 ml), oleic acid (1 mmol), 1,2-hexadecanediol (20 mmol)
and oleylamine (6 mmol) were mixed and mechanically stirred
under Ar flow. The mixture was heated to 140 °C and then
Fe(CO)s (0.75 mmol) was added under a blanket of Argon.
Finally, the mixture was heated to reflux (298 °C) for 30 min,
resulting in black solution. No specific oxidation step such as
air exposure or chemical oxidation was carried out?6-28, but the
synthesis was not made in completely free oxygen conditions,
and small concentration of Oz or H20 would be expected in the
reaction vessel, coming from the air and/or reagents and
solvents used without further purification. The little oxygen
supply could be enough to oxidize Fe(0) gradually and to form
a thermodynamically stable magnetite phase. The black
mixture was cooled down to room temperature by removing the
heat source. After addition of ethanol and centrifugation, the
monodisperse 4 nm FesO4 nanoparticles were obtained.
Samples B, D and E were synthesized by the seeded-growth
technique with 3, 4 and 5 consecutive additions of Fe(CO)s and
ligands, respectively, in the same reaction vessel, which
corresponds to one-pot method. In contrast, sample C was
synthesized in a two-pot procedure by injecting iron precursor
and surfactants (oleic acid, 1,2-hexadecanediol and
oleylamine) on sample B. In all the cases the amount of iron
precursor and ligands added in each step was calculated taking
into account the desired size of the nanoparticles (Table S1,
S.1.). It has been noticed that the reactive concentration is an
important synthetic parameter in the particle growth. Thus,
sample F was also obtained by 5 consecutive additions, but the
concentration of the reagents was reduced to half, leading to
smaller NPs, as expected. Several washing cycles with toluene
and ethanol were carried out in order to obtain highly
monodisperse samples.

Characterization

Iron content of samples was determined by Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
using an ELAN 9000 ICP-MS (Perkin-Elmer SCIEX)
spectrophotometer. X-Ray Diffraction (XRD) of the powder
samples was obtained using a Philips PW1710 diffractometer
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equipped with copper anodes. The X-ray source was operated
at 40 kV and 40 mA and the 2 theta scan was performed in the
10°<26<90° range each 0.02° and with scan step speed of 1.25s.
FTIR spectra of the nanoparticles and ligands were collected on
a FTIR-8400S Shimadzu spectrometer in a 4000-400 cm-!
range. Thermogravimetric measurements were performed in a
NETZSCH STA 449 C thermogravimetric analyzer, by heating
10 mg of sample at 10 °C/min under dry Ar atmosphere. An
additional analysis under air was made in selected samples.
TEM micrographs were obtained using a Philips CM200
microscope at an acceleration voltage of 200 kV. For preparing
the samples, powders were dispersed in toluene and dropped-
cast onto copper grid. EMR spectra were recorded on a Bruker
ELESYS spectrometer, equipped with a standard Oxford low-
temperature device operating at X band; all measurements were
carried out in toluene dispersions and with the same
concentration as used in hyperthermia experiments. Magnetic
characterization has been performed in powder samples (after
precipitating and drying the colloids) and in samples obtained
by embedding the colloidal dispersion in polystyrene. The
measurements of magnetization versus temperature at 10 Oe
were carried out in the temperature range of 5-300 K using a
Quantum Design MPMS-7 SQUID magnetometer. Hysteresis
loops at room temperature were done in a home-made VSM
magnetometer up to a maximum field of 18 kOe with high low
field resolution. Hysteresis loops at 5 K were performed in a
VSM magnetometer from Cryogenic Ltd up to a maximum field
of 100 kOe. Measurements of the Specific Absorption Rate
were carried out in a previously described home-made device?®
able to operate up to c.a. 1 Mhz and with magnetic field
amplitudes up to 30 kA/m. The measurements were performed
in toluene dispersions of nominally equal concentrations (~5
mg FezOas/ml).

Results and discussion

Basic characterization of the nanoparticles has been done by X-
Ray Diffraction (XRD), Infrared Spectroscopy (IR),
Thermogravimetric analysis and Transmission Electron
Microscopy (TEM). X-ray diffraction, performed in powder
samples, show the characteristic pattern of nanocrystalline
structures, compatible in all the cases with magnetite (LCPDS
N°19-629), with quite broad diffraction peaks as expected from
small crystalline domains (Figure S1 in S.1). Information about
the size of these domains can be achieved by the analysis of the
main diffraction peak (311) by the Scherrer’s equation (details
in Table S2 in S.I.). Figure 1 shows experimental (311)
diffraction peaks of samples A and E together with their
deconvolution in order to obtain Bragg position and full width
at half maximum (FWHM). Numerical findings of mean sizes
are collected in Table 1, where these data are compared with
those provided by another two experimental probes, TEM and
magnetic measurements.
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Fig. 1 Deconvolution of experimental (311) diffraction peak of a) sample A and b)
sample E.

Infrared Spectroscopy measurements have been performed
both on the pure surfactant agents (oleic acid, 1,2 hexadecanediol
and oleylamine) and on magnetite nanoparticles in order to
determine the prevailing capping agent and its absorption
mechanisms at the particles surface (Figure S2 in S.1.). Infrared
spectra demonstrate that the ligand absorbed in the nanoparticles
surface is oleic acid. The C=0 stretch band of the carboxyl
group, which was detected at 1712 cm™ in pure oleic acid, was
absent in the IR spectra of magnetite. Instead, two new bands
arise at 1543 and 1628 cm, which are characteristic of the
asymmetric vas(COO-) and the symmetric vs(COO-) stretch. This
bonding pattern can be explained assuming a combination of
molecules bonded symmetrically and forming an angle with the
surface of nanoparticles®. Considering also that the absorption
at 1053 cm* arises from C-O single bond stretching, it is clear
that oleic acid is chemisorbed onto the FesO4 nanoparticles as a
carboxylate. On the other hand, the two bands placed at 610 y
440 cm are the characteristic absorption bands of the Fe-O bond
in Fes043L,

Thermogravimetric analysis under Ar shows a weight loss
between 15 to 37% from bigger to smaller particle size (from E
to A), attributed to the oleic acid ligand, and directly related to
the surface area of the NPs. As seen in Figure 2, the
decomposition profile consists of different stages: The first loss
is originated by solvent remainders in the powder and is located
around 100 °C, while the second loss happens between 300 °C
and 400 °C and corresponds to organic ligand loss. Subsequently,
the reorganization of organic matter forms carbonates which are
stabilized from 400 °C until 680 °C, when decompose to form an
inorganic residue. The diffraction analysis of this residue is
consistent with the presence of FesOa. In this sense, the weight
loss above 100 °C belongs to organic matter and is in good



agreement with that observed from chemical analysis.
Furthermore, extra thermogravimetric measurements have been
performed in air flux in order to confirm the presence of
magnetite phase. At around 220 °C it has been observed a weight
gain of approximately 3 %, which can be attributed to the
oxidation of Fe?* in stoichiometric magnetite to Fe*3 to form
Fe203 phase?®.
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Fig 2. Thermogravimetric measurements in Ar up to 800 2C of samples A-F.

Figure 3 shows TEM images of the final products of samples
A-F after the cleaning process. These pictures show a very
monodisperse and faceted nanoparticles with a strong tendency
to self-assembling (see insets in Figure 3). The size analysis of
these images fits to Gaussian profiles, with dispersion indices
(B), defined as the ratio of standard deviation to mean diameter,
between 0.09 and 0.15 (Table 1). The calculated d-spacings from
Electron Diffraction Patterns match well with those
corresponding to magnetite (Fe304)33. As shown in Table 1,
mean sizes derived from TEM are in good accord with those
calculated from XRD. This agreement supports the conclusion
that these nanoparticles are single crystals, so discarding the
appearance of twinning effects, multiple stoichiometry or
significant disorder.
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Fig 3. TEM images of samples A-F together with size distributions of the inorganic
core and the Electron Diffraction Patterns from selected area of samples C and E.

Table 1. Summary of particle sizes obtained by XRD, TEM and magnetic
measurements for samples A-F.

Sample D(nm) / B D(nm) D(nm)
Number of additions TEM XRD Magnetism
A1) 4.3+0.4/0.09 45+05 42405
B (3) 7.74#1.0/0.13 8.0£0.5 7.8+1.4
C (3+1) 10.6+1.1/ 10.5+0.5 9.5+1.6
0.10
D (4) 11.9+15/ 12.0£0.5 11.0+1.8
0.13
E (5) 14.9+2.3/ 14.0£0.5 13.4+2.5
0.15
F5) 11.1+1.17/ 10.0+0.5 10.4+1.9
0.10

*concentration of reagents reduced to half
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As mentioned in the introduction seed mediated growth method
can lead to multimodal size distribution due to the coexistence of
particles in different growing stage. In this way, as-prepared
samples were exposed to cleaning cycles, i.e., to a size selective
precipitation process with ethanol and toluene in order to reduce
the polydispersity. The degree of purity achieved after several
cleaning cycles is not easily determined by methods based in
microscopic measurements. TEM, for instance, does not always
assure the ability to detect the fine details of size distribution.

In this regard, the versatility of EMR to study the fine
features of FesOs has been demonstrated before34% and in the
present work the use of this technique has been crucial for
monitorizing the purifying cycles and even for discarding those
samples exhibiting too much dispersity. In Figure 4 several room
temperature EMR spectra corresponding to consecutive cleaning
steps of sample C are presented as illustration. EMR spectrum of
the initial product, displayed in the top of Figure 4, shows the
existence of various magnetic contributions and some of them
disappear after several cleaning processes, as observed when
going down to the bottom of Figure 4. This could be explained
by the coexistence of NPs with different sizes in the as-prepared
sample, considering that the cleaning consists in a size selective
precipitation process that allows for the discrimination of NPs
around a given size. In this exemplary case, the careful analysis
of TEM images was not able to appreciate any change in the size
distribution of consecutive cleanings. In contrast, the rather huge
(macroscopic) number of analyzed particles by EMR makes this
technique a very valuable tool to detect fine changes in sizes
which, as will be discussed later, has a measurable impact in the
heating ability of colloids in hyperthermia measurements.
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Fig 4. EMR spectra obtained for sample C in consecutive cleaning steps.
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The distinct resonant lines observed by EMR should be
originated by particles of different sizes and/or a diversity of
agglomerates. Similar EMR spectra with different magnetic
contributions have been previously reported36, and these
features were attributed to additional shells originated during the
growing process. This explanation would imply that magnetic
nanoparticles should not behave as single magnetic domains in
the superparamagnetic regime and, consequently, magnetization
would not be expected to follow the simple Neel relaxation
model under an external applied magnetic field. This multi-shell
model does not seem to explain the removal of resonant lines
after the cleaning and is hardly compatible neither with
magnetization measurements nor with sizes of crystalline
domains deduced from XRD analysis.

The effect observed in Figure 4 can be qualitatively
explained considering the physical meaning of the position of
resonance line (g-factor) in measurements performed in colloids
of MNPs. The possible deviation of g-effective (geff) from 2
does not account for a fundamental change of the internal spin of
the particle but it is related to its ability to physically rotate
towards the direction of the external applied field when itis in a
liquid medium. As a consequence, geff becomes a measure of
the degree of alignment which in turn depends on the internal
anisotropy field of nanoparticles (~KV, where K is the crystal
anisotropy constant and V the volume) that increases with the
particle size. In this way, particles with similar morphological
and magnetic properties but of dissimilar sizes are expected to
have different resonance fields. In this framework the small
resonant line located at lower field in Figure 4 corresponds
indeed to a small percentage of larger particles that have been
removed with cleaning.

This approach is also applicable to the analysis of EMR
spectra of samples A-F. Figure 5a shows some EMR spectra at
room temperature, measured in colloidal medium and
corresponding to preparations subjected to a careful size
selective cleaning process. The spectra exhibit a unique and well-
resolved line that does not depend on the concentration of
nanoparticles below a limit of 10 mg/ml, well above the values
used in hyperthermia experiments (around 5 mg Fe304/ml). At
higher concentrations, line-width and resonant field become
dependent on the degree of dilution due to the critical increase of
interparticle dipolar interactions and/or the onset of strong
aggregation effects. The line shape evolves from a nearly-
Lorentzian, for sample A, to a Gaussian profile, for the rest,
which is a sign of the gradual reinforcement of interparticle
interactions when the size or the magnetic moment increases.
Samples with a high degree of poly-dispersity give rise to spectra
with more than one signal or even very wide lines corresponding
to highly broad dispersion of sizes.
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Fig 5. a) Room temperature EMR spectra for cleaned samples in toluene
dispersion (A, C and E). b) Correlation between g. and mean diameter of
nanoparticles.

As expected from previous discussion, nanoparticle size is
strongly correlated with gerr that shifts appreciably from 2 for all
the samples. The type of correlation is apparent from Figure 5b:
g-factor increases sharply with diameter D, in such a way that in
the studied range of sizes (4.3 - 14.9 nm) the dependence can be
roughly fit to a simple exponential function. Although the
theoretical form of this correlation in the whole range of sizes is
not expected to follow such simple model, this exponential like
correlation, used as a calibration curve, has proved to be quite
useful and accurate to estimate sizes, even above the maximum
size of sample E. As an example, in Figure 6a it is shown the
spectrum of a sample synthesized by the two pot procedure using
seeds of 8.5 nm and not belonging to the set of samples A-F. This
spectrum is composed of different well-resolved resonant lines
revealing the coexistence of the original seeds and new larger
particles, namely, a multimodal size distribution. Specifically,
up to four contributions are observed, two of them corresponding
to very well defined resonance lines. These two lines can be
usefully fitted to gaussian functions to determine the
corresponding g-factors (2.084 and 2.589) and, by means of the
exponential correlation of Figure 5b, the size of the nanoparticles
originating these contributions (11.6 and 16.3 nm, respectively).
For this particular case, TEM images also account for the
existence of a multimodal distribution of sizes, as observed in
Figure 6b. It is very remarkable that sizes calculated by EMR
match accurately sizes deduced from TEM, even though one of
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the populations size is greater than the largest diameter included
in the calibration curve of Figure 5b.
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Fig. 6 a) Room temperature EMR spectra for as-synthesized sample in a two-pot
procedure. b) TEM image and size distribution.

It is to note that previous sizes are referred implicitly to the
magnetic cores, which in this case correspond to the whole
inorganic core of particles. The strong dependence of resonant
line position on size above 10 nm also explain the great line
broadening and resolution loss of EMR spectra usually observed
in samples with a significant degree of size dispersion and/or
agglomeration. It is expected the existence of similar correlations
in other systems, taking into account their particular
characteristics, as liquid medium, morphology, coating, etc. In
this way, for a given system the mean size could be
predetermined by the getsf from EMR measurements.

The applicability of MNPs for hyperthermia requires a close
inspection of their basic magnetic properties that should be well
correlated with previous results. This analysis has been
performed by macroscopic magnetometry in samples A-F, once
the cleaning process was complete. Initial magnetic
characterization has been performed in powder samples, after
precipitating and drying the colloids. However, samples
prepared in this way are not strictly representative of the
nanoparticles in the colloidal medium due to the strong
agglomeration of particles that brings about intense interparticle
interactions. Fine details of the hysteresis loops and
magnetization versus temperature curves depend to a great extent
on these dipolar interactions (see Figure S3, S4 and S5 in S.1.)
and therefore more suitable sample preparation method should
be considered. So, the chosen procedure has been to embed the
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colloidal samples in polystyrene. Measurements of
magnetization versus temperature after Cooling at Zero Field
(ZFC) and Field (FC) in samples A-F are represented in Figure
7. They show the usual characteristics of a superparamagnetic
behavior, whose most distinctive feature is the increase of the
blocking temperature (Ts) with the particle size, from 23 K in
the initial seeds, sample A, to 210 K in the largest nanoparticle
system, sample E (Table 2). Additionally, dispersion of sizes
and, consequently, blocking temperatures originate a broadening
of the maximum of the ZFC branch, progressively larger with
increasing size because of the strong dependence of Ts on
diameter (D), proportional to D3 in first approximation. Besides,
this model does not take into account the interparticle
interactions; nevertheless, the dense packing of particles deduced
from TEM images in Figure 3 suggests that such interactions are
indeed relevant, even in polystyrene dilution. This fact is clearly
evident in the FC curves of Figure 7, where the flat response
below the maximum in samples D, E and F can be related to the
onset of collective blocking of particles®’. The effects of
interparticle interactions in ZFC-FC curves can be particularly
noticed in powder samples where no clear correlation between
blocking temperatures and sizes for larger nanoparticles are
appreciated (Figure S3 of S.1.).
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Fig. 7 ZFC/FC curves of sample A-F with an applied field of 10 Oe. They have been
obtained from samples in toluene dispersion after embedding them in polystyrene

The superparamagnetic (SPM) character of samples A-F is
additionally confirmed by the absence of coercive field (Hc) or
remanence (My) in the hysteresis loops recorded at room
temperature and presented in Figure 8a.
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Fig. 8 Hysteresis loops of samples A-F a) at room temperature and b) at 5 K.

Table 2 Summary of magnetic properties for samples A-F.

Sample Ms(emu/g)* | Ms(emu/g)* Te(K) Hc (Oe)

5K 300 K 5K
A 933 83.1 23 343
B 97.3 85.6 62 305
C 97.3 86.6 110 257
D 92.1 84.6 160 223
E 97.2 85.2 210 322
F 97.0 84.7 120 265

*Ms values at 300 K and 5 K are taken from measurements in powder up to
100 kOe (see Figure S4 and S5in S.1.).

The magnetic susceptibility at small enough field of an ideal
SPM system is proportional to the particle magnetic moment
(u=MsV), or assuming a constant spontaneous magnetization
(Ms), to the particle volume (~D3). This is precisely what is
observed in the inset of Figure 8a, where the slope of the M(H)
curves close to H=0, clearly increases with particle size. A
quantitative approach to these curves by using the ideal SPM
model®® fits accurately the experimental data, as shown in Figure
9. This model assumes that magnetization verifies the well-



known Langevin function: M(H)=nMsL(x), where n is the
number of particles per unit volume and x is the ratio of magnetic
energy (uH) to thermal energy (ksT). In real samples there is an
inherent size dispersion that is described by a probability
function, p(D). In this way, theoretical M(H) is built as a
superposition of a set of Langevin functions, each of which is
weighted by its relative probability (see details in Model S1 in
S.1). For this particular case Ms was fixed to the value of bulk
magnetite (480 emu/cm®) being the probability function
Gaussian, as deduced from TEM analysis. This calculation
provides values (Table 1) for the mean magnetic cores that are in
good agreement with particle sizes determined by TEM and
XRD. This is particularly true for samples A, B, C and F whose
sizes are below 11 nm. The deviation observed in larger particles
(samples D and E) could be attributed to dipolar interaction
effects, which are strongly sensitive to the total magnetic
moment of the particles. Macroscopically such effects can be
ascribed to a demagnetizing field which tends to tilt the curve
M(H), so hindering the real susceptibility at low fields. This
effect becomes indeed stronger in measurements performed in
powder samples, where the apparent susceptibility at low field
comes to be similar for samples with particles larger than 11 nm
(see Figure S4 and S6 in S.1.).
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Fig. 9 Fit of M (H) curves at room temperature for samples A and E by SPM model.
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Coercive Field (Hc) values observed at 5 K (Table 2) follow
basically the expected trend for single magnetic domains: the
progressive reduction of the anisotropy constant with size brings
about a decrease of Hc, assuming that saturation magnetization
is approximately independent of the size. However, this fact does
not take into account inter-particle interactions, which could shift
the expected Hc to smaller or higher values depending on local
ordering of easy axis®. This kind of effects could explain the
slightly higher coercive field observed in sample E (322 Oe).
The saturation magnetization values (Table 2) obtained from the
hysteresis loops at 5 K (Figure 8b), ranges from 92.1 to 97.3
emu/gresos, Which agree with the bulk saturation value of
magnetite (98 emu/g)*°. The full saturation at moderate fields
(<5k0e), is a clear indication of the purity and crystallinity of the
samples as well as the minor impact of surface spin disorder on
the magnetization process at 5 K*.. These effects become more
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visible at room temperature causing a decrease of magnetization
to around 85 emu/ gresos Which is an effect profusely quoted in
the literature*?, and still subjected to discussion. It must be
emphasized that the saturation magnetization is a property of
utmost importance for the purpose to hyperthermia, and in this
sense, values reported in Table 2 confirm that these MNPs meet
a priori the first conditions for reaching good levels of power
absorption“3,

Measurements of Specific Absorption Rate (SAR) as a
function of frequency in the range 100-900 kHz with constant
AC excitation amplitude of 10 kA/m are presented in Figure 10a.
Herein, the experimental trends observed are in good accord with
the most distinctive features that could be expected from theory:
the nearly linear dependency on frequency at a constant field and,
specially, the increase of SAR with size for any frequency in the
measured range. Although the close relation of SAR with size
has been previously mentioned, a dependency as clear as shown
in Figure 10a has not been reported**. By plotting the values
obtained at 850 kHz (red spots) as a function of size (Figure 10b),
a strongly non-linear increase of SAR with size, between 11
W/greso4 (sample B) and 414 W/gresoa (Sample E), is found. It is
remarkable that this increase follows quite well the dependence
on size predicted by linear response theory*S. This approach
works properly for sufficiently small AC excitation, and thereby
some deviation of SAR could be expected for larger particles
under an AC field of 10 kA/m*®,

The total theoretical SAR model (black line) represented in
Figure 10b has been built by convolving the zero dispersity (3=0)
SAR function (grey line) with a Gaussian distribution function
of constant dispersity (f=0.15) that accounts for size dispersion
(see details in Model S2 in S.1). Dispersity () has been deduced
from TEM values. In calculated SAR, the dependence on size of
the anisotropy constant (K), because of the reduction of surface
contributions, has been introduced by using a phenomenological
approach widely used in previous studies*’: the effective
anisotropy constant (K) is the result of the addition of a volume
(Kv) and a surface contribution (Ks) as K=Kv+Ks*6/D, where
Kv is the anisotropy in the limit of bulk single crystal (11 kJ/m?
40) and Ks is fixed to 15 pJ/m? 8. As outlined before, there is a
good agreement between experimental and calculated SAR upon
including the dispersity of sizes (grey line in Figure 10b).

This journal is © The Royal Society of Chemistry 2012
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Fig. 10 a) SAR as a function of frequency for samples B-F under an AC field of 10
kA/m. b) Calculated SAR as a function of diameter under an AC field of 10 kA/m
and a frequency of 850 kHz and experimental values of samples A-E in the same
conditions.

The expected impact of size dispersity of a sample in its

specific power absorption becomes quite apparent from the
Figure 10b and has been discussed before in the literature*®. This
influence is especially marked close to the maximum predicted
SAR under a given AC excitation. The size dispersion, intrinsic
to any preparation, smoothes the resonant peak, and the higher
the dispersity is, the flatter the maximum becomes. Additional
experimental confirmation of this fact can be deduced from SAR
measurements performed in as-prepared samples before
cleaning: SAR obtained at 850 kHz and 10 kA/m in as-
synthesized sample E is around 310 W/gre30s , approximately
25% less than that attained after cleaning (415 W/greso4), (
Figure S7 in S.1.).
Finally, in Figure 11, the Specific Absorption Rate (SAR) is
plotted against the effective g-factor. The linear relation
observed between both variables in this particular size range
would suggest that a function similar to theoretical SAR could
also describe the gerr dependency on size. Moreover, this
proportionality would probably works well for samples with
small size dispersion in a particular colloidal medium. Thus,
from a practical point of view, the linear correlation represented
in Figure 11 implies that EMR technique can be used to estimate
directly in a fast and easy way the Specific Absorption Rate of a
sample.
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Fig. 11 Linear relation between SAR and g values.

o

Conclusions

Monodisperse FesO4 nanoparticles have been synthesized by a
thermal decomposition method based on consecutive addition
steps of iron precursor and ligands, achieving size tunable
nanoparticles with high crystallinity and high saturation
magnetization. Seed mediated growth has proved to be a very
efficient synthetic route to produce high performance
nanoparticles for hyperthermia, provided that the magnetic
properties of the starting seeds are the best possible. Some details
of the synthesis seems to play an essential role for its success: a
precise control of relative concentration of surfactants (oleic
acid, 1,2-hexadecanediol and oleylamine) and small enough
oxygen content in the reaction vessel for preventing the
formation of non magnetic layers around the magnetic cores
during the subsequent growing steps. It has been found an entire
agreement among the size of the nanoparticles determined by
TEM, by the deconvolution of the most intense diffraction peak
of FesO4 and by fitting M vs H curves by SPM model. The
correlation existing between Specific Absorption Rate and size
has been clearly demonstrated empirically. EMR spectroscopy
has been shown as a powerful tool to evaluate magnetic size
distributions of MNPs in samples with at least 10** NPs,
corresponding to a standard EMR experiment at room
temperature, almost exactly in the same preparation and with the
same concentration as used in hyperthermia experiments,
allowing also an estimation of the heating power of the samples.
In this sense, it also becomes a potent complementary tool of
TEM to better fix the features of size distribution. Another
particular benefit of this type of experiment arises from its
magnetic specificity, in such a way that it could be directly
applied to size determination of MNPs in a physiological
environment without any interference from non-magnetic
biological components.

Both the developed synthesis protocol and the use of EMR for
size determination of MNPs in samples of several milligrams
could yield the future opportunity of growing very specific size
nanoparticles in a biocompatible medium. The development of
this approach would significantly contribute to the field of the
magnetic hyperthermia.
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