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A B S T R A C T

Iron oxide magnetic nanoparticles with diameters d, 7nm≤d≤12nm, were synthesized by thermal decomposi-
tion of Fe(acac) ⁠3. Different experimental conditions, keeping constant concetration of Fe ions in solvent, showed
that the heating rates is the most important parameter determining the final particle size. Use of two differ-
ent solvents, 1-eicosene and 1-octadecene, yielded similar nanoparticle sizes (7.1nm≤d≤7.5nm), but different
magnetic anisotropies. All samples were superparamagnetic at room temperature. Spin disordering was inferred
in samples coated with trioctylphosphine oxide (TOPO) co-ligand in addition to oleic acid and oleyamine. The
heating ability of ∼12nm-sized nanoparticles dispersed in hexane under alternating magnetic fields (3.98kA/
m≤H⁠0 ≤23.87kA/m; 229.3kHz≤ f≤828kHz) has been studied, finding a nearly quadratic dependence upon H⁠0,
as expected from the linear response theory.

1. Introduction

One of the promising techniques in cancer treatment, aside drug
therapy, is magnetic hyperthermia [1–3]. This clinical protocol is based
on the idea to induce tumor cells death by locally increasing the tem-
perature of ill tissue, when they are previously loaded with magnetic
nanoparticles (MNPs) and exposed to alternating (AC) magnetic field
[4–6]. The underlying physical process is governed by the transforma-
tion of magnetic to thermal energy in each single-domain MNP through
Brownian and Néel relaxation processes. The amount of generated heat
power depends on the experimental conditions (field amplitude, H⁠0 and
frequency, f), as well as on physical parameters of a system such as: vis-
cosity of a medium, the chemical composition of MNPs, particle size and
shape, the effective anisotropy of material, size and anisotropy disper-
sion, the interparticle interactions [7–12].

Nanoparticles of magnetite (Fe⁠3O⁠4) or maghemite (γ-Fe⁠2O⁠3) are
among the most studied systems for this purpose due to their low toxi-
city for the human body [13–16]. There is some controversy about the
optimum size and shape of iron oxide nanoparticles for maximum heat-
ing, and this is probably related to the fact that detailed models incor

porating clustering effects, dipolar interactions and the more realis-
tic mathematical Landau-Lifshitz-Gilbert equation to describe relaxation
modes are still lacking. From the experimental point of view, it was
found that Fe⁠3O⁠4 nanoparticles of ∼15–25nm size result in good heat-
ing rates under physiologically relevant AC magnetic field conditions
[17,18]. Alternative approaches and systems, such as perovskite-based
nanoparticles (with T⁠C in the range 13–82°C) have also been investi-
gated [19], as well as some core-shell structures and exchange-bias-cou-
pled nanoparticles [20,21]. Finally, other ferromagnetic nanoparticles
(e.g. FeCo or FePt alloys) [22,23] have been studied as potential heating
mediators. Investigations on such systems can be interesting from the
fundamental point of view, but their use can be limited by the biocom-
patibility.

In order to obtain ferrofluid with the best magnetic hyperthermia
performances, different synthesis methods have been tested [24–26].
Well crystallized NPs, with narrow particle size distribution and the
size close to the critical one determined by the transition from super-
paramagnetic (SPM) to ferromagnetic state, are desired. High-tempera-
ture decomposition of iron salts in organic media is a quite well known
method for production of well crystallized iron oxide nanoparticles
with narrow size distribution [27–33]. The main drawback of this non-

⁎ Corresponding author.
Email address: natasaj@vin.bg.ac.rs (N.Jović Orsini)

https://doi.org/10.1016/j.jmmm.2017.10.053
Received 28 June 2017; Received in revised form 22 September 2017; Accepted 13 October 2017
Available online xxx
0304-8853/ © 2017.

Research articles



UN
CO

RR
EC

TE
D

PR
OOF

N.Jović Orsini et al. Journal of Magnetism and Magnetic Materials xxx (2017) xxx-xxx

green synthesis method is that nanocrystals are passivated with hy-
drophobic ligands that hinder their bioapplications. To make them bio-
compatible, the transformation from nonpolar to polar medium has to
be done. It is possible through ligand exchange or ligand addition re-
actions in solution [34–36]. Unfortunately, these processes can bring to
significant aggregation of NPs, their partial oxidation and disruption of
heating capability. These issues should be properly resolved.

To investigate how the heating ability of NPs depends upon size,
shape, degree of aggregation, surface functionalization and magnetic in-
terparticle interactions, both, theoretical and experimental approaches
are used [35,37–41]. Some studies are focused on the evolution of the
heating efficiency of NPs with their size [9,12,42], and the others on the
influence of shape and coating of NPs [32,43,44]. Slight deviation from
the expected chemical composition can also influence heating ability of
nanoparticles dispersed in a fluid, as well as the oxidation process which
can take place and, thus hinder the stability of magnetic fluids in time
[45,46]. Some recent studies have revealed that type of surfactant mol-
ecule, used to stabilize the surface of nanoparticles, can be important
in determining the resulting crystal and magnetic structure of nanopar-
ticles [45,47]. It has also been shown that the ligand exchange process
can invoke changes of the magnetic ordering in the surface layer and
consequently change the surface anisotropy contribution to the effective
anisotropy constant [47]. Influence of dipolar interactions on the heat-
ing ability diverges. It can be noticed either the decrease or the increase
of the heating power due to interactions [35,48].

In this paper, single crystalline iron oxide nanoparticles were syn-
thesized using thermal decomposition of iron(III) acetylacetonate. The
effects of different reaction conditions on the structural and magnetic
properties of nanocrystals were examined. The hyperthermic properties
of superparamagnetic iron oxide nanoparticles were investigated too.
For the ferrofluid with nanoparticles ∼12nm in size and with a narrow
size distribution, the measurements of the specific absorption rate (SAR)
were performed in a wide range of experimental conditions: the ampli-
tude, H⁠0 and the frequency, f of applied AC magnetic field. We have
found quadratic field and frequency dependence of the SAR. On the con-
trary, de la Presa et al. [43] obtained the nearly quadratic f-dependence
of the SAR in NPs around 8nm in size, but not in the systems of bigger
NPs with an average size around 11 and 13nm. Therefore, we discussed
our result taking into account value of the magnetic anisotropy constant.
A ligand exchange process was performed on selected nanoparticles in
a bipolar solvent using meso-2,3-dimercaptosuccinic acid (DMSA) mole-
cules. Experimental results obtained for thus modified nanoparticles are
presented in the Supplementary Information (SI)).

2. Experimental

2.1. Synthesis of magnetic iron oxide nanoparticles

Iron oxide nanocrystals were synthesized by thermal decomposi-
tion of iron acetylacetonate (Fe(acac) ⁠3), in two different solvents, 1-oc-
tadecene (boiling point ∼315°C) and 1-eicosene (boiling point ∼341°C).
The classical protocol during synthesis was followed [27]. A mixture
of oleic acid (OA, C⁠17H⁠33COOH), oleylamine (OM, C⁠18H⁠35NH⁠2) and
1,2-dodecandiol (1,2-DDDO, C⁠12H⁠26O⁠2) was added into a round bot-
tom three neck flask, previously filled with: i) 1-octadecene (samples
S⁠0 and T⁠0), or ii) 1-eicosene (sample E⁠0). In the sample T⁠0, co-ligand
trioctylphosphine oxide (TOPO, [CH⁠3(CH⁠2)⁠7]⁠3PO) was used together
with oleic acid (OA) with a molar ratio OA:TOPO=3:1. The sample
SS⁠0 was obtained by a seed-mediated procedure using S⁠0 nanocrys-
tals as seeds. The sample TT⁠0 was obtained by size sorting of

the sample T⁠0. All relevant parameters in synthesis: the molar ratio of
reagents, the heating rates, the aging temperatures and the aging time,
are given in Table 1. Detailed description of synthesis is given for the
samples S⁠0 and SS⁠0 (see Supplementary Information).

2.2. Characterization

The mean particle size, polydispersity and morphology of as synthe-
sized iron oxide nanoparticles were examined by a transmission electron
microscope (TEM, FEI TECNAI T20, 200kV). In order to determine the
mean particle size, <d>⁠TEM, and the standard deviation σ, at least 350
particles were considered and data were fitted to a log-normal distribu-
tion.

The X-ray diffraction (XRD) pattern of the samples was collected
using Rigaku SmartLab diffractometer equipped with Cu Kα radiation
sources (λ=1.5418Å), operating at 40kV and 30mA. The data were
recorded in the 2θ range from 10° to 80° with a step 0.02° and a count-
ing time of 2s per step.

The hydrodynamic size of iron oxide nanoparticles was studied by
dynamic light scattering (DLS) method. DLS was performed with N5
Submicron Particle Size Analyzer (Beckman Couter, Inc.), in unimodal
size mode, with detector at angle of 90° from the incident beam, and a
time step of 60s.

Field and temperature dependent magnetic measurements M(H) and
M(T), were performed on as-prepared samples S⁠0, E⁠0, T⁠0 and SS⁠0 using
a commercial superconducting quantum interference device (SQUID)
magnetometer. To evaluate the weight of magnetic S⁠0, E⁠0, T⁠0 and SS⁠0
phase inside organics, the thermogravimetric analysis (TGA) and the dif-
ferential thermal analysis (DTA) were employed using a TA SDT 2960
instrument (in air, at a heating rate of 10°C/min, up to 650°C), yielding
a residue corresponding to 15.07, 9.62, 7.05 and 3.78wt% of the origi-
nal weight, respectively (see SI). Hysteresis loops, M(H), were recorded
at 5 and 300K at DC magnetic field up to 3978.88kA/m (50kOe).
Field-cooled (FC) and zero-field-cooled (ZFC) DC magnetization mea-
surements were performed in a magnetic field of 7.96kA/m (100Oe)
following standard protocol.

To determine concentration of iron ions in the ferrofluids, UV-visi-
ble spectrometer (VARIAN, Cary 50 Probe) was used. The absorbance
value of solutions was measured under irradiation of λ=478nm. Iron
standard solution (1mg/ml Fe in 2% HNO⁠3, Acros organics) was used
to prepare patron solutions with different concentrations of Fe⁠3+ ions
in a mixture of 6M H⁠2SO⁠4 and 65% HNO⁠3. A calibration curve is ob-
tained by fitting the absorbance of patron solutions vs. the concentration
of Fe⁠3+ ion in the range 1–5µg of Fe⁠3+/ml. The concentration of iron
in the samples was calculated using the calibration curve and the mea-
sured absorbance of the sample.

2.3. Measurements of specific absorption rate (SAR)

To compare the heating efficiency of iron oxide nanoparticles, the
SAR of all samples dispersed in hexane (S⁠0, E⁠0, T⁠0, SS⁠0, and TT⁠0)
was measured in a commercial AC magnetic field applicator (model
DM100 by nBnanoscale Biomagnetics). The ferrofluids were placed in a
2ml glass holder and exposed to an alternating magnetic field, H=H⁠0
sin(ωt). Then, the temperature versus time curve, T(t), was recorded
under different experimental conditions: frequency, f=ω/2π, and the
magnetic field amplitude, H⁠0, keeping the adiabatic experimental con-
ditions. Every sample solution was sonicated for at least 30s before be-
ing used in measurements. From the initial slope of T(t) curve (approx-
imated by a linear increase), a maximum rise of temperature in time,
(∂T/∂t)⁠max, was extracted and used to obtain the SAR of ferrofluids, ac
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Table 1
The reaction parameters during thermal decomposition of Fe(acac)⁠3 salt: molar ratio of reactants; ΔT⁠1/Δt⁠1 - initial heating rate, T⁠1max – temperature at first ramp, t⁠1aging – aging time at T⁠1max, ΔT⁠2/Δt⁠2 - heating rate up to boiling point of solvent, T⁠2max –
experimentally reached temperature during boiling of solvent, t⁠2aging – aging time at T⁠2max; <d>⁠TEM – mean diameter of particles determined from TEM images (σ - relative width of the log-normal function); d⁠hyd – hydrodynamic diameter; SAR - specific
absorption rate measured under conditions (H⁠0=23.87kA/m (300 Oe), f=580.5kHz).

Sample Fe:OA:OM: 1,2-DDDO (:TOPO) T⁠1max [°C] ΔT⁠1/Δt⁠1 [°C/min] t⁠1aging [min] T⁠2max [°C] ΔT⁠2/Δt⁠2 [°C/min] t⁠2aging [min] <d>⁠TEM (σ) [nm] d⁠hyd [nm] SAR [W/g]

S⁠0 1:5:5:5 204(2) 1.5 120 290 1.7 30 7.1 (0.08) 59 15.1
E⁠0 1:3:3:5 203(3) 2 120 324–331 1.9 30 7.5 (0.05) 156 27.1
T⁠0 1:3:3:5(:1) 201(2) 3.4 120 319–329 5.1 50 8.8 (0.16) ⁠a 84⁠a 80.7⁠a

TT⁠0 1:3:3:5(:1) 201(2) 3.4 120 319–329 5.1 50 11.6 (0.07) 510 120.7
SS⁠0 1:3:3:5 100/202(2) 1.1/1.8 50/120 320–331 4.8 50 6.2 (0.04)/12.2(0.14) ⁠b 37 64.9

a refer to the fraction T⁠0
⁠*, residue after separation of bigger TT⁠0 nanoparticles

b bimodal
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cording to the equation [5]:

(1)

where m⁠MNPs – is the mass of the Fe⁠3O⁠4 phase recalculated from
the mass of iron in the sample determined by UV-vis spectroscopy, C
– is the volume-specific heat capacity of liquid medium (C=ρ⁠hexane ·
c⁠hexane; ρ⁠hexane=654.8kg/m⁠3 is the density, and c⁠hexane=2.26J/g°C is
the specific heat capacity of hexane), and (∂T/∂t)⁠max is the initial slope
of the heating curve. The preliminary measurements were done by ad-
justing magnetic field strength at H⁠0=23.87kA/m (300Oe) and fre-
quency at f=580.5kHz. For the samples SS⁠0 and TT⁠0 which show the
best performance, the dependence of the SAR upon the AC magnetic
field amplitude was followed for H⁠0=3.98, 7.96, 11.94, 15.92, 19.89
and 23.87kA/m (or 50, 100, 150, 200, 250 and 300Oe), at frequency
f=580.5kHz. For the sample TT⁠0 additional frequency dependence of
the SAR was followed for f=229.3, 248.5, 265, 355.5, 444, 580.5 and
828 kHz, at H⁠0=18.46kA/m (232Oe). At least 3 measurements were

done for each experimental condition (H⁠0, f), and an average SAR value
is considered.

3. Results and discussion

3.1. The effect of reaction parameters on the particle size

Figs. 1 and 2 show TEM images of the as-synthesized iron ox-
ide nanocrystals coated with nonpolar oleic acid (OA), or oleic acid
and trioctylphosphine oxide (OA+TOPO). The histograms of particle
size and the evolution of the reaction temperature in time are also
shown in these figures. Good size dispersion inferred from the nar-
row particle size distribution was found for samples S⁠0 (synthesized in
1-octadecene) and E⁠0 (synthesized in 1-eicosene). The mean particle
size of samples S⁠0 and E⁠0 were similar, i.e. <d(S⁠0)>⁠TEM ∼7.1nm and
<d(E⁠0)>⁠TEM ∼7.5nm. A bimodal particle size distribution was found
for sample SS⁠0 obtained by a seed-mediated procedure, and sample T⁠0
synthesized in the presence of OA and TOPO molecules, where parti-
cles of size >10nm were observed. Sample T⁠0 was composed of two
fractions, T⁠0∗ (smaller NPs, Fig. 1) and TT⁠0 (bigger NPs, Fig. 2). The

Fig. 1. TEM images of the samples S⁠0, E⁠0 and T⁠0
⁠*.
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Fig. 2. TEM images of the sample TT⁠0 obtained by size sorting of T⁠0 nanoparticles, and the sample SS⁠0 obtained by a seed-mediated procedure.

formation of self-organized SS⁠0 nanoparticles at almost constant dis-
tances surrounded by bigger ones, observed during preparation of the
sample for TEM (Fig. 2), indicates narrow particle size distribution and
their hydrophobicity [49]. Except for the sample SS⁠0, the concentration
of Fe(acac) ⁠3 salt in alcohol was kept constant in all reactions (0.1mol
of Fe⁠3+ ions per dm⁠3 of solvent). Therefore, this parameter can be ex-
cluded as one which influences the particle size increase observed in
the sample T⁠0. Further, when the aging times, t⁠1 and t⁠2, at tempera-
tures T⁠1max and T⁠2max respectively, and the heating rates, ΔT⁠1/Δt⁠1 and
ΔT⁠2/Δt⁠2, were kept the same or at very similar values during the syn-
thesis, no significant changes in the average particle size of samples S⁠0
and E⁠0 were found even if the final reaction temperature, T⁠2max, differs
for at least 30°C (see Table 1). But, when the heating rate to reflux,
ΔT⁠2/Δt⁠2, has been increased from ∼1.7–1.9°C/min to ∼4.8 and 5.1°C/
min, as in the samples SS⁠0 and T⁠0 respectively, we observed a slight in-
crease in an average size. For the sample T⁠0 an initial heating rate was
also higher (ΔT⁠1/Δt⁠1 ∼3.4°C/min). Previous studies have shown that a
heating rate to reflux may be the most important factor in determin-
ing particle size when a classical protocol in thermal decomposition of
Fe(acac) ⁠3 takes place [30]. Similarly, varying heating rate influences
nanoparticle morphology (pyramidal, cubic and “spherical-like” octa-
hedrons were obtained with increasing heating rate from 1.3 to 10°C/

min) [29]. H. Yang et al. revealed that higher heating rates (from 15
to 35°C/min) favor formation of Fe⁠3O⁠4 nanocubes [28]. In any case, a
heating rate to reflux should be scaled together with the concentration
of iron salt in solvent in order to determine more precisely their influ-
ence on the particle size. To synthesize particles with larger average par-
ticle size, solvents with higher boiling point can be used, although it
seems more effective to reduce or eliminate the amount of polyalcohol
(acting as a reducing agent) [50]. This approach can be considered as a
non-standard.

The classical synthesis protocol using capping ligands can also tune
the final particle size and shape through the ratio of capping ligands to
the concentration of iron precursor [26,28,31,33]. In our case the ratio
of oleic acid (OA) and oleylamine (OM) molecules relative to Fe⁠3+ ions
was kept constant (3:1), except in the sample S⁠0 (5:1) (see Table 1). In
the samples S⁠0 and E⁠0, when OA and OM molecules were the only used
capping ligand, insignificant or very small fraction of nanocrystals with
d>10nm were observed. But, when the branched TOPO molecules
were used together with OA and OM in the synthesis of T⁠0 nanopar-
ticles, a significant fraction of nanocrystals with diameter d∼12nm
was found (sample TT⁠0, Fig. 2). Now, we can wonder if the presence
of branched TOPO molecules could be responsible for extra crystal
growth, besides the heating rate. Since the molar ratio TOPO:OA was
1:3, according to the literature it is more likely that the introduction of

5
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TOPO during synthesis does not affect the overall size of iron oxide
nanoparticles [25].

In terms of particle shape, it can be seen that the smaller nanocrys-
tals are spherical or nearly spherical, while bigger nanocrystals have
more irregular shape (Figs. 1 and 2). Oleic acid molecule has relatively
large free energy of adsorption to the iron oxide surface and preference
to be selectively bound onto the nanoparticle surface, while OM mole-
cules have ability to be isotropically bound. Therefore, the oleic acid can
enforce a selective face growth what can result in faceted nanoparticles.
It seems that the molar ratio of oleic acid to the concentration of iron
cations in all investigated samples was high enough to promote slight
irregularity in the shape of nanoparticles, while the use of TOPO co-lig-
and could be responsible for less-faceted nanoparticles (Fig. 1) [25].

Existence of nanoparticles aggregates in the solution and their esti-
mated average size were checked by measuring hydrodynamic diame-
ters, d⁠hyd. No big aggregates of S⁠0 and SS⁠0 nanoparticles were formed
in the solution, what is confirmed by the low hydrodynamic diameter,
d⁠hyd(S⁠0)∼59nm and d⁠hyd(SS⁠0)∼37nm. On the other side, bigger aggre-
gates exist in the samples E⁠0, T⁠0

⁠∗ and TT⁠0 (see Table 1), which are usu-
ally related to strong interparticle dipole-dipole interactions. The sam-
ples S⁠0 and E⁠0, with almost the same mean particle size and distribution
widths, show different degree of clustering (see Table 1), probably origi-
nated in a different amount of OA molecules adsorbed on the MNPs sur-
face, with a thicker OA-coating on the surface of S⁠0 nanoparticles due
to the synthesis conditions. The thicker coating in turn could yield to
weaker interparticle interactions. The highest d⁠hyd value was found in
the sample TT⁠0, (d⁠hyd(TT⁠0)∼510nm), where magnetic interactions are
expected to be the strongest due to the size and possible diminishing ef-
fect of OA shielding in the presence of TOPO molecules.

3.2. XRD analysis

The XRD patterns of iron oxide nanoparticles, synthesized by de-
composition of Fe(acac) ⁠3 salt in an organic phase, are shown in Fig.
3. The diffraction peaks are indexed to the spinel structure. The lat-
tice parameter calculated from XRD patterns is ≅8.34Å for all samples,
which is close to the standard lattice parameter of maghemite (8.346
Å), rather than magnetite (8.39Å). The position of (511) peak in all
samples is at 2θ∼57.2° (57.3° for maghemite phase). In addition, the
(511) peak is symmetric indicating a single oxide phase, not the mix-
ture of magnetite and maghemite [51]. Appearance of extra peak of
low intensity at 2θ∼23.63° (not shown), is observed solely in the sam-
ple T⁠0

⁠∗ and can be assigned to the (210) reflection of γ-Fe⁠2O⁠3 phase.

Fig. 3. X-ray diffraction patterns of the samples S⁠0, E⁠0, T⁠0
⁠* and SS⁠0.

Generally, the appearance of peaks (210) and (211) of low intensity
in maghemite can be due to partial vacancy ordering at octahedral
sites (S.G. P4⁠132). Since the XRD measurements were done after a few
months of sample’s storage, we cannot discard the possibility that the
magnetite nanoparticles are transformed during the time to chemically
more stable maghemite phase. The oxidation is more pronounced in
the sample T⁠0

⁠∗ which in addition to OA/OM contains TOPO co-ligand.
The mean crystallite size was calculated from the breadth of the (311)
reflection using Scherrer's formula [52]. The obtained <d>⁠XRD values
are 6.6, 8, 7.1 and 7.9nm for the samples S⁠0, E⁠0, T⁠0

⁠∗ and SS⁠0, respec-
tively, indicating monodomain crystal structure. Higher difference of
|<d>⁠TEM-<d>⁠XRD|, observed in the sample T⁠0

⁠∗ can be an indication of
higher density of imperfections in the crystal structure.

3.3. Magnetic properties of oleic acid coated iron oxide nanoparticles (OA-
MNPs)

The magnetic properties of as-synthesized iron oxide NPs were stud-
ied using SQUID magnetometer. Fig. 4a,b show the magnetization of
OA-MNPs, S⁠0, E⁠0, T⁠0

⁠∗ and SS⁠0, as a function of applied field, M(H),
recorded at 5 and 300 K. The nanoparticles exhibit pure superparamag-
netic (SPM) behavior at 300 K. Only in the sample S⁠0 negligible the co-
ercive field, H⁠C and remanent magnetization, M⁠R have been found at
300K (Table 2). High saturation magnetization, M⁠S, shown by the sam-
ples S⁠0, E⁠0 and SS⁠0 at 300K (M⁠S=68–80.7Am⁠2/kg⁠Fe3O4) is somewhat
below the value found in the bulk magnetite (90–95Am⁠2/kg) [53]. The
M⁠S decrease degree of 18, 25 and 10% compared with the bulk coun-
terpart, observed in the samples S⁠0, E⁠0 and SS⁠0 respectively, is propor-
tional to spin canting contribution and density of cation vacancies in-
side the crystal structure. The most pronounced spin disordering has
been found in the sample T⁠0

⁠∗ (Table 2). It can be due to the presence
of TOPO co-ligand on the surface of T⁠0

⁠∗ nanoparticles. It was found that
when the OA is prevailing surfactant molecule (as in the samples S⁠0,
E⁠0 and SS⁠0) the surface spin configuration will not differ significantly
from those inside the nanoparticles core [47]. On the contrary, addi-
tional presence of branched TOPO molecule probably causes higher spin
disordering at the surface. Beside the surface spin configuration, the in-
terior magnetic ordering of the nanoparticles can differ even when the
same synthesis method is used. Interior spin canting can occur in the
vicinity of antiphase boundaries, dislocations, or other types of crystal
imperfections. It was found that antiphase boundaries are the prevailing
internal defects in iron oxide nanoparticles prepared by thermal decom-
position methods [45]. At T=5K, low H⁠C and M⁠R values are observed in
all investigated samples, while the saturation magnetization values are
higher than M⁠S measured at 300K (see Table 2).

The magnetization versus temperature curves measured under ZFC
and FC conditions in a field of H⁠0=7.96kA/m (100Oe) are also shown
in Fig. 4. The ZFC curves exhibit a maximum at T⁠max, while the bifur-
cation of FC and ZFC curves started at the irreversible temperature, T⁠irr
(Table 2). A narrow peak in the ZFC magnetization curve of the sam-
ples S⁠0 and T⁠0

⁠∗ at T⁠max, as well as a small difference of T⁠irr-T⁠max, reflect
a very narrow size distribution. The broaden size distribution charac-
terizes samples E⁠0 and especially SS⁠0 (in the sample SS⁠0 the size dis-
tribution can be considered as bimodal) (Fig. 4c). At very low temper-
atures the FC magnetization curves tend to saturate, and this feature
together with the observed values of remanent-to-saturation magneti-
zation ratios, M⁠R/M⁠S<0.5 at low temperature, indicate non-negligible
dipolar interactions in our samples. Above T⁠irr an ensemble of magnetic
nanoparticles exhibits superparamagnetic behavior (magnetic moments
are unblocked, freely rotates in all directions). The blocking tempera-
ture T⁠B of a single domain magnetic particle is riched when the thermal
energy, k⁠BT is comparable to the magnetic anisotropy energy, E=K⁠effV,

6



UN
CO

RR
EC

TE
D

PR
OOF

N.Jović Orsini et al. Journal of Magnetism and Magnetic Materials xxx (2017) xxx-xxx

Fig. 4. Magnetization versus magnetic field at (a) 300 and (b) 5K for the samples S⁠0, E⁠0, T⁠0
⁠* and SS⁠0 in the organic phase. (c) Zero-field-cooled (open symbol) and field-cooled (filled

symbol) magnetization vs. temperature of iron oxide nanoparticles in a field H⁠0=7.96kA/m (100Oe).

Table 2
Remanent magnetization (M⁠R), saturation magnetization (M⁠S), ratio M⁠R/M⁠S and coercitive field (H⁠C) estimated from the hysteresis loops measured at 5 and 300 K; the position of the
maximum of ZFC magnetization (T⁠max), irreversible temperature (T⁠irr), estimated average blocking temperature (〈T⁠B〉), parameter κ=T⁠max/〈T⁠B〉, and effective anisotropy constant (K⁠eff)⁠*.

Sample
T
[K]

M⁠R
[Am⁠2/kg]

M⁠S
[Am⁠2/kg]

M⁠R/M⁠Sat 5
K

H⁠C [kA/
m]

T⁠max
[K]

T⁠irr
[K]

〈T⁠B〉
[K] κ

K⁠eff
⁠* [kJ/

m⁠3]

S⁠0 5 22.3 87.1 0.26 10.8 28 33 15 1.87 27.6
300 6 73.6 – 1.1

E⁠0 5 27 81.4 0.33 18.2 48 117 26 1.84 40.6
300 0 68 – 0

T⁠0
⁠* 5 22.8 59.9 0.38 14.2 31 43 17.8 1.74 17.2

300 0 48.4 – 0
SS⁠0 5 36.1 104.4 0.34 19.7 57 168 14.6 3.9 −

300 0 80.7 – 0

* K⁠eff=25k⁠B〈T⁠B〉/V⁠TEM; 〈T⁠B〉 was estimated as a maximum of ∂(T⋅M⁠ZFC)/∂T.

(where K⁠eff – is the effective magnetic anisotropy, k⁠B – is the Boltz-
mann’s constant and V – is the particle volume).

For a real system, composed of a dispersion of particles, broaden-
ing of the ZFC magnetization curves, M⁠ZFC(T), reflects the width of the
size distribution, which results in a distribution of blocking tempera-
tures, f(T⁠B). Assuming that f(T⁠B)∼∂(TM⁠ZFC)/∂T, we estimated the most
probable blocking temperature 〈T⁠B〉 for an ensemble of nanoparticles as
a maximum in the first derivative of TM⁠ZFC(T) product with respect to

temperature [54]. This value, related to a mean diameter 〈d〉, was
used to calculate the effective anisotropy constant, K⁠eff, by the use of
25k⁠B〈T⁠B〉=K⁠effV relation, valid for noninteracting nanoparticles and low
values of applied magnetic field (i.e., below the anisotropy field of
the material). Volume of nearly spherical NPs has been calculated as
V=π〈d〉⁠3/6. The estimated 〈T⁠B〉 and K⁠eff values are given in Table 2.
It can be notice that the samples S⁠0 and SS⁠0 have very similar mean
blocking temperature, 〈T⁠B〉 (see Table 2); SS⁠0 is obtained by a seediated
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process starting from S⁠0 as seeds. However, since the sample SS⁠0 is char-
acterized by a bimodal size distribution, K⁠eff(SS⁠0) has not been estimated
due to the impossibility of relating 〈T⁠B〉 to 〈d〉. For the samples S⁠0 and
E⁠0, coated with OA, we take that the magnetic core of the nanoparticles
coincides with the diameter of particle determined from TEM observa-
tion [47], while for the sample T⁠0

⁠∗ (coated with TOPO co-ligand) such
assumption can be questionable since the spin disordering is the most
pronounced in this sample (see Table 2). If we consider that in the sam-
ple T⁠0

⁠∗, 〈d〉=〈d⁠M〉, where 〈d⁠M〉 − is the average magnetic particle di-
ameter estimated taking Chantrell’s equation [55,56]:

(2)

then we obtain 〈d⁠M〉≅7.5nm, and consequently K⁠eff ≅27.8kJ/m⁠3, which
is in good agreement with the value K⁠eff(S⁠0) (see Table 2). On the con-
trary, if we take 〈d〉=〈d〉⁠TEM, K⁠eff(T⁠0

⁠∗) has lower value given in Table 2.
Lower anisotropy in the sample T⁠0

⁠∗ could be due to a partial oxidation
of magnetite to maghemite phase facilitated by the presence of TOPO
molecules at the surface (K⁠V(γ-Fe⁠2O⁠3)=4.5kJ/m⁠3) [7]. High anisotropy
was found in the sample E⁠0 (K⁠eff(E⁠0)=40.6kJ/m⁠3). Anyway, the esti-
mated K⁠eff values of our samples are in the range reported in the lit-
erature for magnetite nanoparticles (10–41kJ/m⁠3) [4,7]. The increase
of K⁠eff values relative to the magnetocrystalline anisotropy of magnetite
(K⁠V(Fe⁠3O⁠4)=11–14kJ/m⁠3) [7] usually is attributed to the surface and
strain anisotropy contribution, although the anisotropy due to particle’s
magnetic interactions cannot be excluded.

As we can see, the increase in K⁠eff value is more prominent in the
sample E⁠0. Also, in this sample the T⁠irr and 〈T⁠B〉 values are higher than
in the samples S⁠0 and T⁠0

⁠∗. In addition, the coercitive filed, H⁠C of E⁠0 is
higher comparing with H⁠C of S⁠0 irrespective of the similar mean particle
size (see Table 2). Since the volumes of S⁠0 and E⁠0 NPs are very similar,
the experimentally observed increase in H⁠C of E⁠0 probably comes from
higher anisotropy constant, K⁠eff and slightly lower saturation magnetiza-
tion, M⁠S of E⁠0 [57]. All these facts point out that the magnetostructural
features of the sample E⁠0 synthesized in 1-eicosene differ comparing to
the samples synthesized in 1-octadecene.

In addition, we can notice that the maximum in the ZFC curve at
T⁠max is shifted relative to the most likely blocking temperature value
〈T⁠B〉 for a factor κ=1.87, 1.84 and 1.74 (T⁠max=κ〈T⁠B〉) in the samples
S⁠0, E⁠0 and T⁠0

⁠∗, respectively, while in the sample SS⁠0 κ=3.9. κ values
theoretically estimated for a system of small magnetic particles with a
narrow and log-normal volume distribution, and K⁠eff fixed at 32kJ/mol,
lie in the range 1–2 [58]. Higher κ value observed in the sample SS⁠0 re-
sults from a wider and bimodal size distribution.

3.4. Power absorption of OA-MNPs

The above described magnetization behavior of the samples has
been studied in a static regime. Further characterization was performed
through the heating ability of OA-MNPs in the organic medium (hexane)
when they are subjected to an oscillating external field. Different heat-
ing mechanisms can take place simultaneously [7,12,43]. In order to
determine the dominant one under given conditions (H⁠0,f), it is im-
portant to determine the regime which controls magnetic behavior
of an ensemble of nanoparticles during the experimental time win-
dow, τ⁠meas=1/2πf. In an oscillating external field system of magnetic
nanoparticles can be in a state close to equilibrium (i.e. superpara-
magnetic), or in a metastable state. Among various parameters, the
main parameter which controls the type of behavior is the ratio H⁠0/H⁠K,
where μ⁠0H⁠K=2K⁠eff/ρM⁠S is the anisotropy field of the material [8]. If
H⁠0/H⁠K<<1, the system is in a SPM regime. If H⁠0/H⁠K>1, metastable

behavior is favoured [8]. Since H⁠K depends on magnetic anisotropy con-
stant, K⁠eff, this parameter can be considered as a crucial one in deter-
mining the dominant mechanism of heating. As we already mention,
many experimental and theoretical results have shown that the best
heating ability will achieve those nanoparticles with size just above
the transition from SPM to ferromagnetic regime [12]. In our case,
for an ensemble of NPs with the lowest estimated magnetic anisotropy
(K⁠eff ≅18kJ/m⁠3) and the highest saturation magnetization (∼81Am⁠2/kg,
i.e. ∼420kA/m) at room temperature, the minimum value of H⁠K is
∼68kA/m, while the maximum applied field amplitude in the experi-
ments was H⁠0=23.87kA/m. Thus, we can consider that for applied ex-
perimental conditions our systems were in the SPM regime, and that the
power losses in an AC magnetic field were generated solely by the re-
laxation processes (Néel and Brownian).

In Table 1 are summarized the SAR values of OA-coated nanoparti-
cles obtained under experimental condition (H⁠0=23.87kA/m (300Oe),
f=580.5kHz). The best heating ability show samples SS⁠0, T⁠0

⁠∗ and TT⁠0.
The samples E⁠0 and S⁠0 with similar mean particle size around 7nm do
not heat significantly, what is expected, since the iron oxide NPs with
a mid-range K⁠eff value (∼25kJ/m⁠3) and size smaller than about 7nm
do not participate in the heat dissipation in a low-viscosity medium
[7]. The slight increase of the SAR of the sample E⁠0, compared to the
sample S⁠0, can be assigned to the contribution of bigger particles with
d>10nm (see the particle size distribution, Fig. 1). Special attention
has been paid to the sample TT⁠0 with <d>⁠TEM ∼11.6nm. It was re-
vealed that nanoparticles about 12nm in size can be the most promis-
ing hyperthermia mediators since their heating ability is not influenced
by the media viscosity [43], which is important for biomedical applica-
tions.

For the samples SS⁠0 and TT⁠0 we determined the SAR as a func-
tion of the AC magnetic field amplitude, H⁠0, in the range from 3.98
to 23.87kA/m, while it oscillated at the fixed frequency f=580.5kHz
(Fig. 5a). We have found that for H⁠0>7.96kA/m (100Oe), the sample
TT⁠0 provides higher losses relative to the sample SS⁠0 which is mainly
attributed to the size effect. A quadratic dependence of the SAR upon
field amplitude has been found in the sample TT⁠0 up to H⁠0=23.87kA/
m (300Oe), and in the sample SS⁠0 up to H⁠0=15.91kA/m (200Oe)
(Fig. 5a). At higher H⁠0, a decrease from the expected square law was no-
ticed in the sample SS⁠0. The tendency that SAR saturates at higher H⁠0
could be explained by lowering the energy barrier due to the Zeeman
energy, or might be considered as a consequence of a diamagnetic con-
tribution coming from the glass holder when it is sited in the AC mag-
netic field of higher amplitude [19,35,37]. We could also say that the
SAR is linearly dependent on H⁠0 in the range from 7.96kA/m (100Oe)
to 23.87kA/m (300Oe), as is shown for the sample SS⁠0 (blue dashed
line in Fig. 5a), but these linear curves do not intercept the origin (0,0)
(no heating in the absence of the AC magnetic field). The quadratic
dependence of the SAR value upon the magnetic field amplitude, H⁠0
is predicted by the linear theory for noninteracting superparamagnetic
nanoparticles [4]. The linear, rather than quadratic dependence upon
H⁠0 can be observed in a system of interacting 3dim-nanoparticle clusters
[40].

As dipole-dipole interactions can influence the SAR values, the sam-
ple concentration is a relevant factor to be considered. In both samples
the mass concentration m, of Fe⁠3O⁠4 phase in an organic medium was
similar (m⁠Fe3O4(SS⁠0)=9.03mg/ml, and m⁠Fe3O4(TT⁠0)=9.485mg/ml),
but because of different particle size the number of SS⁠0 nanoparti-
cles per volume unit of suspension has been about six times higher
than the number of TT⁠0 nanoparticles. In the case of homogeneous
particles distribution inside the ferrofluid it implies the difference in
an average interparticle’s distance, <l>. Taking into account that
<l>∼ρ⁠1/3⋅m⁠−1/3⋅<d>⁠TEM, where ρ is the density of magnetite phase
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Fig. 5. a) SAR of the samples SS⁠0 and TT⁠0 versus AC magnetic field amplitude, H⁠0, mea-
sured at the frequency f=580.5 kHz; b) SAR of the sample TT⁠0 versus frequency, f, mea-
sured at the field amplitude H⁠0=18.46kA/m. Full lines represent fitted experimental re-
sults by the quadratic function (y=Ax⁠2), while the dashed line is a guidance for eyes.

(ρ(Fe⁠3O⁠4)=5200kg/m⁠3), we have estimated <l> of TT⁠0 NPs to be
∼76nm and <l> of SS⁠0 NPs ∼42nm. It was revealed that the inter-
particle dipole-dipole interactions can be neglected for 12nm-sized iron
oxide NPs if their mutual distance is ∼27nm [10]. On the other hand,
formation of aggregates at high particle concentrations can change
the heating ability of ferrofluids involving collective particles behavior
as essential factor in determining SAR [7,11,38,48,59]. For oleic acid
capped iron oxide nanoparticles, magnetic dipolar interactions are re-
sponsible for aggregation. Another question can come into play regard-
ing the possibility that the configuration of loosely bonded aggregates
can be changed under exposing to AC magnetic field [60]. Measure-
ments of the hydrodynamic diameter of the samples SS⁠0 and TT⁠0 im-
plies formation of significantly larger aggregates in the sample TT⁠0 com-
pared to the sample SS⁠0 (see Table 1), which can be expected since

the magnetic moment of one TT⁠0 nanoparticle is higher than the mag-
netic moment of SS⁠0 nanoparticle.

In the sample TT⁠0 with the best size and shape homogeneity of the
nanocrystals, additional frequency dependence of the SAR value has
been studied in the frequency range (229.3–828) kHz at fixed AC field
amplitude H⁠0=18.46kA/m (232 Oe). We have found that the f depen-
dence do not follow a linear, but a quadratic increase within the whole
investigated range (Fig. 5b). The linear dependence of the SAR vs. f can
be considered for frequencies up to f∼600 kHz, but again such linear
curve does not intercept the origin (0,0). We should notice that the ex-
periment was performed for H⁠0 value for which the SAR∼H⁠0

⁠2, allowing
us to work under the validity of linear response theory (LRT), neglecting
eventual presence of interparticle dipolar interactions. The LRT theory
predicts that the heat dissipation of superparamagnetic fluids will de-
pend on frequency via a square law in the low frequency range when
2πfτ⁠R<<1, where τ⁠R=(τ⁠N⋅τ⁠B)/(τ⁠N+τ⁠B), and τ⁠N and τ⁠B are the charac-
teristic time of the Néel and Brownian relaxations process, respectively
[2,7,10,43].

In order to check the critical frequency for the system of TT⁠0 NPs,
we considered our system to be a concentrated one (with aggregates
of nanoparticles), as well as a system with bidispersed structures (com-
posed of stable nanoclusters and well-dispersed NPs). The Néel and
Brownian relaxation times, τ⁠N and τ⁠B, have been calculated for NPs with
different size: 7, 10, 11.6 and 13nm. The characteristic time of the
Néel relaxations process, τ⁠N=τ⁠0 exp[K⁠effV/k⁠BT], for NPs with selected
size and K⁠eff=18, 25, 33 or 40kJ/m⁠3values, has been found to be in
the range from nano- to microseconds (Table 3). For <K⁠eff> values
have been taken those which cover the range of estimated magnetic
anisotropy constant in our systems (under assumption that NPs do not
interact and that the ratio H⁠0/H⁠K is<<1). For the attempt time, τ⁠0, the
value 10⁠−9 s was taken, valid for superparamagnetic nanoparticles, and
T=300K. Considering the ferrofluid TT⁠0 as a concentrated system, the
Brownian relaxation time, τ⁠B

⁠hyd, was obtained to be of the order of mil-
lisecond (τ⁠B

⁠hyd(TT⁠0)⁠510nm=4πηr⁠hyd
⁠3/k⁠BT=14.9 ms; η − is the dynamic

viscosity of the solution; η⁠hexane=294.9×10⁠−6kg/s⋅m at room temper-
ature). On the contrary, the Brownian relaxation time for independent
NPs, τ⁠B

⁠indep, assuming additional increasing of d for 4nm (the lenght of
oleic acid molecule is ∼2nm), has been found to be around 150, 309,
427 and 553ns for 7, 10, 11.6 and 13nm sized NPs, respectively. It
is well known that the prevailing mechanism in heat dissipation will
be the one with lower relaxation time. Hence, in a concentrated sys-
tem, the heating coming from the Brownian relaxation of the aggregated
NPs is insignificant and the Néel mechanism dominates. The situation
can be changed significantly only for bigger NPs (>12nm), if they are
well-dispersed (nonaggregated). In that case the Brownian relaxation
modifies the relaxation time τ⁠R and shift condition ωτ⁠R<1 to mid-range
anisotropy values (∼25kJ/m⁠3).

Based on the above analysis we can assume that the Néel relaxation
is the main process by which magnetic energy is absorbed in TT⁠0 sam-
ple. Then, for NPs with size up to 10nm, ωτ⁠N<<1 in the whole exper

Table 3
Calculated Néel relaxation time, τ⁠N=τ⁠0 exp[K⁠effV/k⁠BT], and the product 2πfτ⁠N in the experimentally determined frequency range of applied AC magnetic field from 229.3 to 828kHz, for
nanoparticles with selected size, <d>, and effective anisotropy constant, K⁠eff. Value of τ⁠0 was taken to be 10⁠−9s, T=300K and V=π〈d〉⁠3/6.

<d> (nm) 7 10 11.6 13

K⁠eff (kJ/m⁠3) τ⁠N (ns) 2πfτ⁠N τ⁠N (ns) 2πfτ⁠N τ⁠N (ns) 2πfτ⁠N τ⁠N (ns) 2πfτ⁠N

18 1.28 0.002–0.007 9.7 0.01–0.05 35 0.05–0.18 148 0.21–0.77
25 1.41 0.002–0.007 23.6 0.03–0.12 139 0.20–0.72 1036 1.49–5.4
33 1.58 0.002–0.008 64.8 0.09–0.34 672 0.97–3.5 9557 13.8–50
40 1.74 0.002–0.009 157.0 0.23–0.82 2678 3.8–13.9 66776 >>1
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imental f-range (229.3–828kHz), regardless of K⁠eff value (see Table 3).
For NPs with size 11.6nm the condition ωτ⁠N<<1 is satisfied up to
K⁠eff ≈25kJ/m⁠3, while with further increase of the magnetic anisotropy
constant the product ωτ⁠N approaches to one, firstly at high frequency. In
the highly anisotropic system of ∼12nm sized NPs (when K⁠eff>33kJ/
m⁠3), ωτ⁠N>1, and the system is in a blocked state. The experimentally
observed quadratic SAR dependence on frequency in the system of TT⁠0
NPs, coincidences with theoretical prediction if we suppose that TT⁠0
NPs have lower magnetic anisotropy (no more than ∼25kJ/m⁠3). From
the magnetic measurements we estimated the value K⁠eff=17.8kJ/m⁠3

for the system of T⁠0
⁠∗ NPs. It is reasonable to believe that both samples,

T⁠0
⁠∗ and TT⁠0, have lower K⁠eff since they are coated with TOPO co-lig-

and which can provoke a partial oxidation of magnetite phase. In the
literature, the nearly quadratic f-dependence of the SAR has been found
in NPs around 8nm in size, but not in the systems of bigger NPs with
an average size around 11 and 13nm [43]. The measurements were
performed under conditions (H⁠0=4kA/m, f=166–739.2kHz), at con-
centration of 50 mg⁠Fe/ml, and the systems have been characterized as
magnetically highly anisotropic (K⁠eff ∼67kJ/m⁠3) [43]. In this work we
have shown that the ensemble of ∼12nm NPs at concentration of ∼9.4
mg⁠Fe3O4/ml and with K⁠eff<25kJ/m⁠3, can follow the quadratic f-depen-
dence of the SAR in the AC magnetic field up to f=828kHz. System
will be in a non-equilibrium, metastable state when characteristic re-
laxation time, τ⁠R becomes much larger than τ⁠meas=1/2πf, and then the
hysteretic process comes into play. In our case, it is possible only for
14nm NPs when they are subjected to high frequency AC magnetic field
of f=828kHz (then, τ⁠meas=192ns<τ⁠R

⁠min=288ns). Since their num-
ber is insignificant compared to those with 12 and 13nm (see Fig. 2),
we have neglected the contribution of conventional hysteresis losses in
the process of magnetic energy dissipation and we declare that our sys-
tem dissipate power exclusively through the Néel relaxation processes.

It is obvious, that, in order to be more precise in defining the crit-
ical/optimal size for magnetic hyperthermia, we should additionally
pay attention to the K⁠eff value, as well as to the size and magnetic
anisotropy distributions. It was revealed that the optimal diameter of
NPs for use in hyperthermia lies between 12 and 20nm [7]. In our case,
the maximum SAR value of the sample TT⁠0 measured under conditions
(H⁠0=18.46kA/m, f=828kHz) was 187.2W/g⁠Fe3O4. For 13nm NPs the
measured SAR under (H⁠0=20kA/m, f=765kHz) has been reported to
be as high as ∼100 W/g [12], while the SAR of 16nm maghemite cubes
was 1650 W/g⁠γ-Fe2O3 under (H⁠0=18.46kA/m, f=700kHz) [61]. The
optimal diameter of NPs for effective heating under given experimen-
tal conditions is influenced by the magnetostructural features of materi-
als (size, shape, NPs coating, magnetic anisotropy, magnetic saturation
value, size distribution, degree of NPs aggregation, inter- and intraparti-
cle interactions between the aggregates). Therefore, when some system
is examined for hyperthermia, it is very important to analyze each of
these aspects as much as possible.

4. Conclusions

In this work, iron oxide nanocrystals were synthesized by thermal
decomposition method of Fe(acac) ⁠3 in the presence of surfactants and a
reducing agent. Keeping the concentration of iron ions in solvent con-
stant (1mol of Fe⁠3+ in 80ml of solvent), we found that a heating rate
to reflux can be the most important factor in determining the particle
size. Nearly all nanoparticles showed spherical shape with slight de-
viations, the pronounced faceted morphology being observed in sam-
ple synthesized with 1-eicosene. Spin disordering and phase instability
was found in the sample coated with TOPO co-ligand in coexistence
with oleic acid and oleyamine. The relatively low anisotropy constants

found in our samples, i.e., K⁠eff=17–41kJ/m⁠3, make our systems suit-
able as heating agents under in vivo conditions. The main contribution
to the sample heating coming from the Néel relaxation process could be
quantitatively modeled with further control on the degree of nanoparti-
cles aggregation under in vitro conditions.
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