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Abstract

An original non-hydrolytic sol-gel approach, using 2-ethyl-1,3-hexanediol as reactive solvent, was proposed to synthetize
nanostructured magnetite. Iron-oxide nanoparticles were prepared and studied as a function of the precursor-to-solvent ratio.
The crystallization degree of nanoparticles was followed by the combined Rietveld and Reference Intensity Ratio method.
This procedure has allowed the determination of both amorphous and crystalline content of nanomagnetite, using hematite
as suitable internal standard. The results of Rietveld method show that the crystalline content decreases as the precursor-to-
solvent is increased, ranging from 67 to 60 wt%. Information on the crystallite size-strain distribution and microstructural
evolution of nanocrystals was supplied by line profile analysis of the powder diffraction patterns, employing the Whole
Powder Pattern Modeling analysis: the obtained log-normal distribution curves become increasingly narrow and
symmetrical, while nanoparticle microstrain increases as the precursor concentration is increased. The dimensional analysis
of the Transmission Electron Microscopy images has allowed to obtain the nanoparticle grain-size distribution. Nanoparticle
dimensions decreases from 15 to 9 nm increasing the precursor concentration. The comparison between the results of X-ray
diffraction and microscopic characterization techniques highlighted the effect of several factors, such as size, shape and
microstructure of magnetite nanoparticles, on their functional magnetic response. Magnetic characterizations show that
magnetite nanoparticles are not in the superparamagnetic phase even at room temperature, independent of the precursor
concentration. On the other hand, the room-temperature saturation magnetization, ranging from 73 to 60 emu/g, is a

function of the nanoparticle average size, decreasing as the precursor concentration increases.
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1. Introduction

At the nanoscale, the fundamental magnetic properties, such as the blocking temperature, the spin life time, the coercitivity,
the susceptivity and saturation magnetization, are no longer permanent characteristics of the materials and are strongly
influenced by size, shape, composition and microstructure of the nanoparticles [1]. In fact, down to 100 nm the

characteristics of solids are progressively altered and defined by the quantum size effect, which controls many physical



aspects, such as optoelectronic and magnetic ones [2,3].

Such size effect on magnetic response has been well demonstrated in the case of iron-oxide nanoparticles [4] and results in
the scaling laws, which can be used to tune the magnetic peculiarities of the nanoparticles and nanostructures [5-8], in order
to obtain a precise set of performance [9-11], generally higher or at least not comparable to those exhibited by conventional
bulk materials.

For this reason, considerable research attention has been placed to the preparation of magnetite (Fe;O,4) nanoparticles, due to
their potential applications, ranging from biomedicine (biosensing, magnetic imaging, drug delivery and magnetic
hyperthermia) [12] to environmental (sensitive detection of specific analytes, water treatment with high gradient magnetic
separation and bioremediation)[13] and data storage technologies (electromagnetic memory devices) [14,15].

Methods to synthetize magnetic nanoparticles with useful functional properties have been extensively reviewed in the last
few years [16-18]. In fact the synthesis method plays a key role in the preparation of magnetic nanoparticles in terms of
purity, reproducibility and desired magnetic performances. In this frame, the synthesis in organic solvents seems to be
particularly suitable for the preparation of magnetic metal-oxide nanoparticles [19].

Wet chemical methods in non-aqueous environment offer high flexibility in terms of nanosized crystallite dimensions,
narrow particle size distributions, well-defined morphology and microstructure of nanoparticles, while providing high
compositional homogeneity [20,21]. In particular the Non-Hydrolytic Sol-Gel (NHSG) approach is based on the reaction of
the precursor species (inorganic metal salts, alkoxides, acetates and acetylacetonates) with an organic solvent (alcohols,
amines or ketones), allowing the preparation of a wide variety of nanocrystalline binary [22] and ternary metal oxides [23].
Monofunctional alcohols, such as benzyl alcohol, are the most common solvents used in NHSG syntheses [24,25]. Bi- or
poly- functional alcohols, instead, are less conventional as suitable solvents for synthesis in non-aqueous environment.

In this work, magnetic iron-oxide nanoparticles (MNPs) was prepared by one-step NHSG reaction between iron(lll)-
acetylacetonate, as metal precursor, and 2-ethyl-1,3-hexanediol, a bifunctional alcohols used for the first time to the best
knowledge of the authors, as reactive solvent. This approach provides a simple solvothermal way to obtain well crystallized
Fe;O4 nanoparticles with controlled size and tunable magnetic properties. To understand the correlation between the
functional and the structural properties, required to design and build novel electronic, magnetic and optoelectronic devices,
the obtained MNPs were characterized in detail as a function of the precursor to solvent ratio that directly influences the
crystallization process and the final size, morphology and magnetic behavior of nanoparticles. In fact, it is very well known
that the MNPs magnetic properties are affected by several factors including size, shape, actual chemical composition [26],
interactions and degree of aggregation [27].

In the present work, the results of XRD, TEM and magnetic characterization techniques were combined in order to
understain the relationship between the microstructure and the chemical and physical properties of the nanostructured
material. In particular, the evaluation of the effect of the precursor-to-solvent ratio on both microstructure and crystallinity
degree was carried out by X-ray diffraction (XRD) and transmission electron microscopy (TEM). Structure of the MNPs
and quantitative phase analysis (QPA), including the evaluation of the amorphous fraction, were determined by the
combination of the Rietveld [28] and Reference Intensity Ratio (R.I.R.) methods [29-31], using hematite as internal
standard [32]. The MNPs microstructure, a fundamental notion that comprises all aspects of the atomic arrangement that
should be known in order to understand the material properties, was studied, starting from the X-ray diffraction patterns,
using the Whole Powder Pattern Modeling (WPPM) procedure [33,34]. Unlike the traditional methods based on the

determination of the integral breath of the line profiles, more information can be obtained from the analysis of the whole



diffraction pattern, including the crystallite size distribution and the lattice deformation.
The obtained results were correlated to room-temperature magnetic data, complemented by low-temperature measurements,
to get a detailed picture of the considered nanoparticles and to understand the effect of several factors, such as size, shape

and microstructure, on the functional magnetic response of the synthesized Fe;O, nanoparticles.

2. Experimental section

2.1 Synthesis of magnetite nanoparticles

Acetylacetone (AcAcH, Carlo Erba, Milan, 1), iron (111) chloride hexahydrate (FeClz-6H,0, Carlo Erba, Milan, I), sodium
acetate (CH;COONa, Sigma Aldrich) and ethyl alcohol (EtOH, Sigma Aldrich) were used to synthetize the precursor
iron(l11)-acetylacetonate (Fe(AcAc)s), as reported in Messori et al. [35]. To evaluate the effect of the precursor-to-solvent
ratio on the nanoparticle properties, 1.00 g of Fe(AcAc); was dissolved in a 100 mL Schlenk tube in different amounts of 2-
ethyl-1,3-hexanediol (HD, Sigma Aldrich). The syntheses were performed at 200 °C for 48 h with molar ratio of 0.04, 0.09,
0.18 and 0.27 mol/mol (see composition details in Table 1). The experimental synthesis setup was adapted from previous
work of Pinna et al. [36] on the synthesis of MNPs, starting from Fe(AcAc); and benzyl alcohol. The reaction starts with the
thermal solvolysis of Fe(AcAc)s, followed by aldol condensation reaction, that leads to the formation of a Fe-OH species,
representing the starting point of nanoparticle formation. The mechanism for the reaction of Fe(AcAc); in HD is depicted in
[37]. The products were washed by repeated centrifugation (4000 rpm for 60 min) and redispersion in methanol, until the
liquid phase appeared colorless. The washed particles were finally dried under reduced pressure at room temperature and
kept in closed containers until analyzed.

2.2 XRD data collection and analysis

A Bragg-Brentano 0-260 diffractometer (X’Pert PRO PANalytical, Netherlands), equipped with a gas proportional detector,
was used to collect the experimental diffraction patterns both for the qualitative and quantitative analysis. The incident
beam pathway included a 1° divergence slit, 0.04 rad Soller slits, a 15 mm fixed mask, and a 1° anti-scatter slit. A further set
of 0.04 rad Soller slits and a curved graphite monochromator were mounted in the pathway of the diffracted beam. The
radiation source was a copper anode X-ray tube (Acukaike = 1.540598, 1.544426 A) loaded at 40 kV and 40 mA.
Nanoparticle powders were loaded in a quartz flat holder contributing zero background. XRD patterns were collected at
room temperature in the 5-120 °26 range, with a scanning rate of 0.0025°s™ and a step size of 0.02 °20 in the continuous
scanning mode. The reference material used as external standard was silicon powder (Si NIST 640c), certified by National
Institute of Standards and Technology (NIST) for X-ray powder diffraction.

To determine the crystallization degree, pure hematite (a-Fe,Os), supplied by Metco (Metco srl, Monteveglio, Bologna, 1),
was used as internal standard. This phase was considered suitable as its mass absorption coefficient (MAC) (220.77 cm?/g)
is comparable to that of Fe;0, (228.02 cm?/g). Mixed samples were prepared adding to Fe;0, samples about 10 wt% of a-
Fe,03. The powder mixtures were homogenized by hand-grinding in an agate mortar. The phase fractions extracted by the
Rietveld refinements were rescaled into absolute values on the basis of the weight of Fe;O, originally added to the mixtures
and therefore internally renormalized [29]. The Rietveld refinements were obtained using the General Structure Analysis
System (GSAS) software package [38] and its graphical user interface EXPGUI [39]. The starting atomic coordinates and
structure factors for all phases composing the system were taken from the literature: Bosi et al. [40] for Fe;O,4, Blake et al.
[41] for a-Fe,03, Wyckoff [42] and NIST Certificate for silicon 640c.



Rietveld analysis was performed according to most accepted guidelines, following the four steps of analysis described in
more detail by Sciancalepore et al. [32]: (i) standardization of the internal standard, (ii) determination of accurate unit cell
dimensions of Fe;Oy, (iii) structure refinement of Fe;O,, (iv) accurate quantitative phase analysis.

For the microstructure, the WPPM procedure, based on to the direct generation of the diffraction pattern from physical
models of material structure and microstructure [33], was embodied in the general nonlinear least squares fitting software
PM2K [43]. For fcc materials, such as FesO,, the generic profile (i.e., family of reflection) I, can be represented as a

Fourier integral equation (1):

Ipja(s) = I_ww Cria(L)e*™ 5 dL 1)
where Cy(L) is the Fourier Transform (FT) related to instrument and microstructure given by (2):

Chia (L) = TP (L) - Ay (L) - ARy (L) 2

where TP (L) is the FT term of the instrumental profile, 43, (L) accounts the size effects (dimension and shape of the
coherently scattering domains), and A, (L) is the FT term relative to microstrain.
In particular, the instrumental function was provided by a parameterization of the profiles of a line profile standard (Si NIST
640c in the present case) described by pseudo-Voigt curves [44]; the 43, (L) term [34] was defined considering a lognormal
distribution of spherical grains (the validity of this choice was supported by TEM); the A, (L) term was evaluated by the
general strain model based on a 4th order invariant form of the Miller indices [45].

2.3 TEM analysis

To define the morphology and the grain-size distributions, TEM (JEM 2010, Jeol, Japan) micrographs were acquired on the
dried powders. In order to verify the nanoparticle elemental composition, energy dispersive X-ray spectrometry (EDS)
experiments were carried out by an Oxford INCAL100 microanalysis system, included in the TEM instrumental
configuration. The powders were dispersed in chloroform and a drop of the obtained suspension was placed on a copper grid
(200 mesh) covered with PELCO® support films of Formvar, and dried. Recorded images were analyzed using the SPIP
(Scanning Probe Imaging Processor, Image Metrology A/S, Denmark) software to determine the histogram plot of the grain
size distribution. A minimum of 1000 particles was measured for each powder sample to obtain a representative statistical
set. The grain size was approximated by the equivalent circular diameter (or Heywood diameter, E.C.D), representing the
diameter of the circle having the area equivalent to the nanoparticle area [46]. The so obtained experimental histograms was
fitted by nonlinear curve-fitting tool, using OriginLab software (Microcal Software, Northhampton, USA). The grain size
distribution of the MNPs was described by the log-normal distribution function, as already found for other nanostructured
systems [47,48], and the histograms and the distribution curves were normalized. The log-normal function has the form

expressed by the equation (3):
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where D is the particle diameter, pu and o are, respectively, the lognormal mean and standard deviation obtained during the
fitting procedure. Using this elaboration, mean size, Dy, and standard deviation, SD, of the grain size distribution are
defined respectively by equations (4a) and (4b)

DO = e(u+%62) (4a)

1/2

SD = (e(21+9%) . [eo® — 1]) (4b)

Finally, the mean volume of powder grains was calculated using the 3th moment of the distribution, according to the
following relationship (5):

(V(p,0) = Ze(3+2") ®)

The same expressions (4a), (4b) and (5) were used in the WPPM investigation, in order to compare the grain mean volumes,
obtained by TEM image analysis, with the corresponding crystallite values, derived by WPPM.

2.4 Spectroscopic characterization

Sample phase composition was confirmed by Raman spectroscopy. Raman-scattering experiments were carried out using a
micro-Raman system (Labram instrument Jobin Yvon-Horiba) at room temperature. The 632.81 nm line of He-Ne laser with
an exposure time of 60 s was used for excitation.

In order to investigate the presence of residual organic groups on the sample surface, infrared spectroscopy (FT-IR) analyses
were performed on the obtained powder. Data were recorded in the attenuated total reflectance mode with the
spectrophotometer Avatar 330 (Thermo Nicolet, Germany). A minimum of 64 scans with a resolution of 1 cm™ was
implemented.

2.5 Magnetic characterization

Magnetic measurements were performed using a Lakeshore 7400 vibrating sample magnetometer (maximum field: 17 kOe)
equipped with a continuous-low cryostat operating in the range 10 — 300 K. Hysteresis loops were obtained at room
temperature for all samples and as functions of measurement temperature for Mag-HD_6 sample. FC/ZFC curves were
measured in all samples between10 and 300 K under an applied field of 200 Oe at a constant dT/dt rate of about 6 K/min.
All samples for magnetic measurements were prepared by compacting the as-received nanopowders in diamagnetic sample

holders to avoid spurious signals related to particle displacement during a measurement.

3. Results and discussion

3.1 MNPs characterization

Independently of the precursor-to-solvent ratio, all synthesized powders appear in good agreement with the reference pattern
of Fe3O4 (ICDD file 01-075-0449). The XRD pattern of the as-obtained Mag-HD_6 powder, chosen as a representative, is
reported in Fig. 1(a). The lack of any additional reflections proves that the sample powder is a single crystalline phase,

without any byproduct within the detection limit of XRD. However, the broad peaks do not allow excluding the presence of
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maghemite (y-Fe,Os), as the two oxides have similar structure, with comparable cell parameters (amaghemite=8.346 A and
Amagnetie=8.397 A) [49]. Raman spectroscopy was used to differentiate the two iron oxide phases. As shown in Fig. 2(a), the
Raman spectrum of Mag-HD_6 powder exhibits only the characteristic band of Fe;O, at 670 cm™, assigned to the Agg
transition [50], and thus allow to exclude the presence of y-Fe,Os, independently on the precursor-to-solvent ratio used [51].
FT-IR analysis (Fig. 2(b)) showed the presence of carboxylate groups on nanoparticle surface, arising presumably from the
oxidation of a hydroxyl group due to the reduction of Fe** to Fe**, and free alcoholic groups, reasonably belonging to the
same coordinating molecule. In fact, the bands in 1600-1520 cm™ and 1430-1320 cm™ ranges can be assigned, respectively,
to the asymmetrical and symmetrical vibrations of the carboxylate group [52], while the broad band at 3300 cm™ is referred
to the free hydroxyl group.

The structural and microstructural refinements of Mag-HD_6 powder, provided respectively by the Rietveld-R.1.R. and
WPPM methods, are presented in Fig. 1, together with the experimental diffraction patter of the same sample. As shown by
the curve fitting, the two different approaches in the XRD characterization are both effective to describe the experimental
data, providing complementary information on the analyzed sample.

In the Rietveld method, to determine the content of amorphous phase, the samples were diluted with the ad hoc internal
standard (a-Fe,03). Fig. 1(b) reports the observed (cross), calculated (solid line), background (dashed line) and difference
curves (dotted line) of the refined pattern, related to the last step (the final quantitative analysis) of the whole Rietveld
refinement cycle for Mag-HD_6 sample. Cubic magnetite (Fe’*Fe,**0,) was refined in space group Fd3m. Although the
trend is only indicative as the values are within the standard deviations, the unit cell parameter a of the nanophasic Fe;O,
samples decreases from 8.387 to 8.381 A, with increasing precursor-to-solvent ratio (Tab. 2). It can be speculated that the
values of the calculated unit cell constant of Fes0, may be related to the structural rearrangement of crystalline lattice of
Fez;04, as observed in other works [53] on nanophasic structures, interpreted in terms of surface relaxation [54]. The results
of the QPA are reported in Tab. 2 and clearly show that the crystalline content decreases as the precursor-to-solvent is
increased, ranging from 67 wt% for Mag-HD_1 sample to 60 wt% for Mag-HD_6 powder.

The XRD patterns were also modeled by WPPM (Fig. 1(c)) and the corresponding refined parameters are summarized in
1
Tab. 2. The microstrain ((sfhk,})i) information, along [111] and [200] as representative crystallographic directions, is

summarized by values at half-diameter distance L=D}'?™ /2, where D}'P™ is the WPPM mean diameter of the powders,
obtained in different synthetic conditions. The microstrain increases, always keeping the same anisotropy (which is likely
related to the intrinsic elastic anisotropy of the material), from Mag-HD_1 to Mag-HD_6. The microstrain behavior, which
thus follows the decrease of nanoparticle size as already observed in other MNP systems [55], can reasonably be related
with the non-homogeneous atomic displacement due to the grain surface relaxation. Furthermore, the anisotropy of the
microstrain effect, greater along the direction [h00] compared to [hhh], is quite usual for the elastic anisotropy of almost all
similar cubic crystalline phases. In any case, the contribution of the microstrain slightly effects the peak broadening (as
compared to plastically deformed systems), and can be attributed almost entirely to the nanoparticle size/surface relaxation
effect.

The size distributions, extracted by WPPM, are shown in Fig. 3 (dotted line). Results show that all samples have a curve
compatible with a monomodal log-normal distribution that becomes increasingly narrow and symmetrical as the precursor
concentration is increased. In particular, the average size of the coherent diffraction domains decreases as the precursor
concentration increases (the precursor-to-solvent ratio increases), ranging from 11 to 5 nm (Tab. 3).

This result is further confirmed by the nanoparticle size distribution curves, experimentally obtained by TEM dimensional
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analysis (Fig. 3, solid line). Also in this elaboration, all samples present a monomodal log-normal distribution, and the
dimension of the nanoparticles, as visualized by TEM images, decreases from 15 to 9 nm increasing the precursor
concentration.

The crystallite dimensions, obtained by WPPM analysis, are coherent with the nanoparticle size estimated by TEM, even if
grains always appear larger than the crystallites (Fig. 3(a-d) and Tab. 3). Analyzing the WPPM and TEM results, it can be
put forward that grains are formed by both crystalline and amorphous phases, so that TEM mean values DJEM, are always
greater than those obtained by XRD elaboration D{'*", where only the crystalline fraction contributes.

In order to understand the effect of precursor-to-solvent ratio on nanoparticle crystallinity, the mean volume (as defined by
eq. 5) of the grains (V)gyv and crystallites (V)ywppy are detailed in Tab. 3. The ratio between (V)gy and (V)ywppm Slightly
increase as the precursor-to-solvent ratio increases: this indicates that the amorphous volume in the grains increases
proportionally with the precursor-to-solvent ratio, compared to the fraction of the crystalline phase. The behavior agrees
with the results obtained by the Rietveld-R.1.R. analysis, which showed that the crystallinity decreases as the precursor-to-
solvent ratio increases.

According to the TEM images (Fig. 4), Fe;0, particles appear homogeneous and well dispersed nanometric single-crystals.
Elemental composition of nano-magnetite was confirmed by EDS spectrum, in Fig. 4 (e): the detected elements, related to
the nanoparticles, are just iron and oxygen, while carbon and copper peaks derive from the TEM grid. TEM micrographs,
from Fig. 4(a) to (d), clearly showed that nanoparticle morphology changes and the grain size decreases as the precursor-to-
solvent ratio is increased. At low precursor-to-solvent ratio nearly spherical nanocrystals are formed, with a broad range of
dimensions. At higher precursor-to-solvent ratio, anisotropic crystal habits other than spherical are obtained.

This behavior was already observed for other experimental synthesis of metallic and alloy nanoparticles [56].

In our system, considering the theory of nanoparticle nucleation and growth in solution [57], at high values of precursor-to-
solvent ratio, the monomer concentration in solution guarantees a high supersaturation and thus a high nucleation rate with
the formation of a large number of nuclei, characterized by a smaller size. On the contrary, when the precursor-to-solvent
ratio is small, the low value of the supersaturation determines a reduced nucleation rate with the formation of few nuclei
with larger dimensions. Moreover, when the supersaturation level is low, the broadening of the size distribution is more
marked and occurs mainly via the Ostwald ripening process.

From a synthetic point of view, this means that the nanoparticles grain and crystallite size can opportunely be tuned just by
changing the precursor-to-solvent ratio without any additional organic stabilizer [58].

3.2 Magnetic characterization

The room-temperature magnetic hysteresis loops of all samples are reported in Fig. 5. All curves exhibit no appreciable
coercive field (see inset) and can be fitted by a superposition of Langevin functions; however, low-temperature
measurements (discussed below) indicate that these FesO, nanoparticles are not in the superparamagnetic phase even at
room temperature, independent of the precursor concentration. The room-temperature saturation magnetization (M) turns

out to be a function of precursor concentration which modifies the average nanoparticle size as shown in Fig. 6 where M; is

EM

plotted against 1/D;™, D™ being the diameter values as estimated by TEM from Tab. 3. The experimental points in the

plot are remarkably aligned and are fitted by the linear law [59,60]
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where M is the magnetization in the D;™ — oo limit and t is the thickness of a “dead” magnetic layer around each

magnetic nanoparticle [60]. The term “dead layer” means, in this context, a magnetically disordered, extra-hard phase
whose contribution to one nanoparticle’s net magnetic moment is negligible because of spin compensation; the magnetic
field needed to align the frustrated magnetic moments in the dead layer is much higher than the maximum field used in the
present measurements. The magnetic disorder of the dead layer arises from competition among magnetic energies
(exchange, anisotropies) affected by the symmetry breaking at the boundary of the particle [61]; as a consequence, such a
layer is expected to continuously envelop a nanoparticle’s core.

Our fit gives Mg pyix = 953 emu/g, a value compatible with the room-temperature saturation magnetization of bulk Fe;O, (=
92 emu/g [62]) and t = 0.6 nm for the thickness of the disordered surface layer, in agreement with values typically found in
other magnetic nanoparticle systems[59,60]. It can be concluded that the reduction of M, with decreasing the nanoparticle
size is basically determined by the surface-to-volume ratio rather than by an absolute increase in the thickness of the
disordered surface layer, which is virtually unaffected by the precursor concentration used during the nanoparticle synthesis
process.

The magnetic hysteresis loops of sample Mag-HD_6 measured at different temperatures between 10 and 300 K are shown in
Fig. 7 (for clarity, only the low-field region is reported in this Figure). Both the coercive field (Hc) and the remanence-to-
saturation magnetization ratio (M,/M;) steadily increase with decreasing temperature and are roughly proportional to each
other, as usually observed in nanogranular systems [63] (Fig. 8(a)). The saturation magnetization monotonically increases to
about 69 emu/g (Fig. 8(b) with decreasing temperature; this is to be compared with the low-temperature saturation
magnetization value for bulk Fe;O,4, 98 emu/g [62]). In order to ascertain the overall magnetic behavior of this material, the
reduced anhysteretic curves (basically, the average between upper and lower magnetic-loop branches normalized to
saturation magnetization [64]) have been plotted in Fig. 9(a) as functions of the magnetic field-to-temperature (H/T) ratio.
In a genuine superparamagnetic (SP) material, all curves are expected to overlap [65]. Such a scaling law is never followed
in the considered system, not even around room temperature. On the contrary, the so-called “interacting superparamagnet”
(ISP) model, which predicts an overlap of the reduced anhysteretic magnetization (M/Mjs) curves when plotted against the
magnetic field-to-saturation magnetization (H/M) instead of H/T [64] is able to account for the experimental data over the
whole investigated temperature range (Fig. 9(b)). This means that the individual nanoparticles in this nanopowder are
substantially interacting. The ISP model depicts this magnetic interaction (believed to be mainly of dipolar origin) making
use of an ad-hoc, mean-field approach [66]; the extension of the validity range of the ISP scaling law up to room
temperature indicates that interparticle interaction is quite large in Mag-HD_6, in spite of the presence of a dead layer
around particles. It is expected that the same picture applies to all examined nanopowders, this view being corroborated by
the field cooled and zero-field cooled (FC/ZFC) curves reported in Fig. 10(a). For clarity, the curves were normalized to the
value taken at 300 K. None of the FC/ZFC curve pairs is characterized by the typical shape one expects for non-interacting
magnetic nanoparticles. In particular, the FC curves of samples Mag-HD_4 and Mag-HD 6 are nearly flat over the entire
temperature range, while the FC curves for samples Mag-HD_1 and Mag-HD_2 display a slight tendency to decrease with
increasing temperature up to about 25 K; above, both curves increase almost linearly. On the other hand, all ZFC curves

(with the exception of the one measured in Mag-HD_6) show no maxima at intermediate temperatures and merge with the



corresponding FC curves around room temperature. Such a behavior indicates a ferromagnetic-like response of the magnetic
nanoparticles, being qualitatively similar to the trends observed in highly correlated nanoparticle systems where collective
effects occur [67]. As a consequence, FC/ZFC curves cannot be safely exploited to provide an independent estimate of the
nanoparticle size. The only exception is provided by Mag-HD_6 nanoparticles which are characterized by a ZFC curve
showing a broad and weak maximum at T\, = 240 K, just before merging with the corresponding FC curve. In this case, it is
possible to make use of a standard analysis [68] to get a rough estimate of the size D of the individual nanoscale entities
undergoing blocking when the temperature is decreased. Such a procedure exploits the temperature difference A(T) between

experimental FC and ZFC curves; the p(D) distribution function is given by the equation (7):

p(D) = TKettMi a2y - ) @)

2 25kp

_dA(T)

where |Ke | is the magnitude of the overall anisotropy energy in a nanoparticle [60],[69], p(Tg) = ar oy

and the
B

1

£ _25ks TB)g [69]. The temperature dependence of the magnetic anisotropy

T | Kefe(T)|

Kerr theoretically obtained by Yanes et al. [70] has been used, with Ke(T = 4 K) = 2.5 x 10° erg/cm® [71]. The resulting,

relation between Tg and D is given by D = (

almost Gaussian p(D) distribution is shown in Fig. 10(b) (full symbols) along with the corresponding log-normal curve
obtained from TEM analysis (Fig. 3 (d) and Fig. 4 (d)). The striking difference between the two curves suggests that the
individual nanoscale entities which undergo blocking are not individual nanoparticles, being instead aggregates of
correlated nanoparticles extending to about 28 nm in diameter and whose mean size is Dg c/zrc) = 13.6 nm. This result is in
agreement with the observation that Mag-HD_6 nanopowder does not follow the standard SP scaling behavior, as
previously discussed; the shape of FC/ZFC curves suggests a fortiori that the same conclusion can be drawn for all the other
nanopowders.

The onset of a correlated, ferromagnetic-like response in samples Mag-HD_1/2/4 is explained considering that dipolar
interaction is proportional to the quantity u?/d*> = Npu? where p is the mean nanoparticle magnetic moment, d the interparticle
distance, N the number of nanoparticles per unit volume; such a quantity is in turn equal to M and is therefore
proportional to the product MV, V being the mean nanoparticle volume. In fact, both V and M increase as the precursor-
to-solvent ratio decreases (Tab. 3 and Fig. 6), so that the overall interaction energy is expected to steadily increase from
sample Mag-HD_6 to sample Mag-HD _1.

These results may be compared with the recent findings by other groups who are working on similar particles prepared by
different chemical techniques. Citric/ascorbic acid-coated magnetite nanoparticles characterized by slightly smaller average
diameters (as determined by TEM histograms) display a broad but definite maximum with a merging of ZFC and FC curves
immediately below room temperature, as in our sample Mag-HD 6 [72]. Similarly, oleic-acid coated magnetite
nanoparticles show a sharp maximum of the ZFC curve when their size is between 5 and 8 nm, and a much broader
maximum when their size approaches the one of sample Mag-HD_6 [73]. An exhaustive work on magnetic interaction
effects in magnetite nanoparticle systems [74] shows how the shape of FC/ZFC curves is affected by interactions; an
independent model of the role of interactions has been recently proposed [75]; the conclusions of both papers strengthen the
interpretation given here. The effect of a different alkanediol solvent (1,2-octanediol) on the magnetic properties of

magnetite nanoparticles has been recently examined [76]; in that case, although a core-shell structure comprised of two
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crystallographically and magnetically different phases is observed within a nanoparticle, the measured magnetic properties
are comparable to the ones discussed in this paper and the obtained nanoparticles are clearly demonstrated to be interacting.

4. Conclusions

In this work, the formation of highly crystalline Fe;O4 nanocrystals (ranging from 15 to 9 nm) was obtained by one-pot
NHSG reaction between iron(l11)-acetylacetonate, as metal precursor, and 2-ethyl-1,3-hexanediol, as reactive solvent. The
XRD, TEM and spectroscopic data analysis showed that, in the studied conditions, increasing the precursor-to-solvent ratio
a decrease of Fe;O, crystallinity, crystallite size and cell parameter range associated with an increase of microstrain were
observed. The amorphous phase is presumably constituted by both amorphous oxide and organic chain present on the
particle surfaces as highlighted by IR analysis.

The magnetic behavior of the nanopowders can be understood by considering that magnetic interparticle interactions
(basically, of dipolar nature) induce a collective response of nanoparticles despite the presence of a thin (0.6 nm)
magnetically dead layer at the surface. In sample Mag-HD_6 the magnetic aggregates are estimated to contain less than 10
nanoparticles; in the other samples the degree of magnetic correlation of nanoparticles is larger, leading to extensive
magnetic aggregates exhibiting a ferromagnetic-like response. In fact, dipolar interaction increases as the precursor-to-
solvent ratio decreases, and more regular nanoparticles favor magnetic aggregations. The magnetically dead surface layer
arises from competing magnetic interactions among surface magnetic moments; although structural data point to the
existence of an amorphous phase in these nanoparticles, the evidence of a magnetically dead layer cannot be used to infer

that such a phase appears in the form of a continuous shell.
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Table 1 Code and composition of the NHSG reaction batches for the magnetic nanoparticle synthesis

Ratio
Sample Name Fe(AcAc)s | HD Fe(AcAc)s/HD
@) © | (molimol)
Mag-HD_1 1 9,3 0,04
Mag-HD_2 1 4,6 0,09
Mag-HD_4 1 2,3 0,18
Mag-HD_6 1 15 0,27

Table 2 The results of Rietveld refinements and the fitting parameters of the log-normal distribution functions, as obtained

1
by WPPM analysis (i and o are respectively the lognormal mean and standard deviation, while (e{zhkl})E is the microstrain
along the specified crystallographic direction).

RIETVELD WPPM
Sample Crystalline Unit Cell ) )
name Content [%] | Parameter u o (efi11y)2 | {efaoy)?
[A]
Mag- 67.2(9) 8.388(2) 0.0007 | 0.0013
HD 1 2.38 | 0.38
Mag- 65.0(9) 8.384(2) 0.0020 | 0.0024
HD 2 2.00 | 043
Mag- 62.5(9) 8.385(2) 173 | 0u4g | 00024 | 0.0029
HD_4 ' '
Mag- 60.4(8) 8.382(2) 160 | 046 | 00029 | 0.0035
HD_6 ' '

Table 3 Mean size, Dy, standard deviation, SD, and mean volume of the grain (V), as obtained by WPPM and TEM

analysis, and ratio between TEM and WPPM mean volumes.

Sarmole WPPM TEM Ratio
narﬁe Dy "M | SDVPPMI e | DM | SDTM | gy | (Vg
[nm] [nm] [nm ] [nm] [nm] [nm ] (V)wepm
MO | 1165 | 465 | 827 | 1493 | 421 | 1743 | 21
L\lﬂggé 807 | 362 | 275 | 1207 | 296 | 920 | >3
I—I\|/|[§‘g;f 628 | 306 | 130 | 1013 | 231 | 545 | *?
mggé 550 | 268 | 74 | 908 | 196 | 331 | *°
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Figure 1 XRD patterns of nanoparticle powder (a), Rietveld-RIR refinement (b) and WPPN fitting (c) for Mag-HD_6

sample, as representative sample (Magnetite reference pattern is the JCPDS file # 01-075-0449).
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Figure 2 Raman (a) and FT-IR (b) spectra of Mag-HD_6 powder, as representative sample.
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Figure 3 Crystallite and grain size distributions, obtained respectively with WPPM and TEM method for the four powder
samples: (a) Mag-HD_1, (b) Mag-HD_2, (c) Mag-HD_4 and (d) Mag-HD _6.
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Figure 4 TEM images of FesO,4 nanoparticles, obtained with HD at different precursor-to-solvent ratio: respectively Mag-
HD_1 (a), Mag-HD_2 (b), Mag-HD_4 (c) and Mag-HD_6 (d).

80 —=— Mag-HD_1
—o— Mag-HD 2
—— Mag-HD_4
404 —o— Mag-HD_6

Figure 5 Room-temperature hysteresis loops of Fe;O,4 nanoparticles prepared at different precursor concentrations.
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Figure 6 Room-temperature saturation magnetization of Fe;O,4 nanoparticles as a function of the reciprocal of the mean

nanoparticle size Dy as estimated by TEM measurements. The parameter t is the thickness of the disordered surface layer.
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Figure 7 Isothermal hysteresis loops at selected temperatures between 10 K and 300 K in Mag-HD_6. The low-field region
is shown.
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Figure 8 Temperature behavior of the hysteresis parameters (coercive field H. and of the remanence-to saturation ratio
M,/M) in Mag-HD _6 (a); Temperature behavior of the saturation magnetization in Mag-HD_6 (b).
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Figure 9 Reduced anhysteretic magnetization M/M; plotted as a function of H/T (SP scaling, (a)) and of H/Ms (ISP scaling,

(b)) in Mag-HD_6.
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Figure 10 FC/ZFC curves (open/full symbols, respectively ) of FesO, nanoparticles prepared at different precursor

concentrations under a field of 200 Oe (a); Comparison between p(D) curve obtained by TEM mearements (line) and by
FC/ZFC curve analysis (symbols) in Mag-HD_6 (b).
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