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ABSTRACT: We report the synthesis of uniform populations of spherical maghemite nanoparticles by
thermal decomposition of iron precursors, with tunable diameters centered at 3.3, 7.5, and 12.0 nm and
tunable surface chemistry. The three stabilizing ligands were fatty acids with three different alkyl
chain lengths (18, 12, and 8 carbon atoms). The unprecedented accurate control of the surface
chemistry is made possible by the use of three types of iron complexes, that is, iron oleate (C18), iron
dodecanoate (C12), and iron octanoate (C8), associated with fatty acid ligands having the same alkyl
chain length, that is, oleic acid (C18), dodecanoic acid (C12), and octanoic acid (C8). Since the
thermal decomposition of the iron precursor varies with the chain length, no general rules can be
applied to control the nanoparticle size, but optimal synthesis conditions have been investigated to
induce the growth of nanoparticles with three different surface chemistries, keeping the diameters
centered at 3.3, 7.5, and 12.0 nm. Finally, structural characterization of the nine populations of
maghemite nanoparticles was performed by transmission electron microscopy and X-ray diffraction,
and magnetic properties were determined using SQUID magnetometry.



1. INTRODUCTION

Over the past two decades, the synthesis of iron oxide nanoparticles (NPs) has seen significant
advance, driven by their potential in a wide range of technological applications, including data
recording’, catalysis®, wastewater treatment®, and biomedicine*.

Among these iron oxides, magnetite (FesO4) has been prominently featured in literature, particularly
for its use in magnetic resonance imaging (MRI) and magnetic hyperthermia due to its high saturation
magnetization. However, maghemite (y-Fe203), a closely related iron oxide, exhibits distinct
properties. Unlike magnetite, maghemite is fully oxidized, and contains only Fe3* ions, which
provides superior chemical stability. This increased stability is valuable for applications requiring
long-term performance, such as environmental remediation and drug delivery®. Furthermore, the
surface chemistry of maghemite is more conducive to uniform functionalization, thereby improving its
effectiveness. In addition, the absence of Fe?* ions in maghemite results in lower toxicity, making it a
safer choice for biomedical applications®. These unique properties of maghemite underscore its
importance in advancing the capabilities of iron oxide nanoparticles across various fields.

Further accurate control of their structural and chemical characteristics (size, shape/geometry,
nanocrystallinity, composition, and surface chemistry) is fundamental for continuously improving their
performance. Among the numerous chemical routes developed to produce iron oxide NPs’, the thermal
decomposition of organometallic precursors is the most suitable for inducing NPs with low
polydispersity. However, many key parameters must be controlled to successfully prepare well-defined
populations of iron-oxide NPs with tunable size®*' and shape*'®**. These key parameters include the
reaction parameters (heating rate, reaction time, and reaction temperature), the nature of the reagents
(precursors, stabilizing surfactant, solvent), the concentration of reagents, the surfactant-to-precursor
ratio, and the possible presence of additives®?°. The purity of the reagents is another key parameter for
the reproducibility of these syntheses. For example, it has been shown that commercial iron precursors
have been successfully used for several years to form spherical maghemite NPs, while the “same”
purchased precursor now yields anisotropic-shaped NPs because of the presence of impurities that
strongly affect particle growth”.

The complexity of these syntheses is not only due to the full set of involved parameters but also to the
intricate interplay between these parameters. For instance, there are still controversies in the literature
regarding the effect of the ligand/precursor ratio, which, according to different studies can promote an
increase or decrease in the final size’®. When one parameter differs from one synthesis to another, this
may impact the role played by others, avoiding, in this case, the establishment of general rules
concerning the nucleation and growth processes of the NPs.

This can explain why the synthesis of maghemite NPs coated with tunable carboxylic acid chain
lengths through the thermal decomposition of iron carboxylic acid complexes, keeping their size
unchanged, has never been reported. Indeed, in this case, varying the nature of the coating ligands
surrounding the particles implies a change similar to that of the precursor and that of the stabilizing
ligand, which can drastically impact the nucleation and/or growth process and, in turn, the NP size
and/or shape. Most of the time, only the nature of the ligand is changed while keeping the iron
precursor unchanged, which results in the mixing of the two ligands, taking part in the passivation of
the NPs™.

From a fundamental point of view, controlling the surface chemistry of the NPs is crucial. On the one
hand, this allows for the control of interactions between NPs during the growth of their 2D and 3D
assemblies. Hence, the alkyl chain length has been shown to dictate the crystalline structure®*,
interparticle distance®, and coherence length* in plasmonic NPs supercrystal, allowing fine control of
their physical properties. On the other hand, when the coated NPs are incorporated in a soft matrix
(e.g., a polymer), the ligand plays a paramount role in achieving optimal dispersion as well as in the
properties of the matrix, which can be influenced by the interaction ligand/matrix****. Whether NPs
interact with each other in supercrystals or in a specific environment to form nanocomposites, accurate
control of both size and surface chemistry is crucial.

This paper reports the synthesis of spherical maghemite NPs of three different sizes, centered at 3.3,
7.5, and 12.0 nm, and three different coating agents characterized by different alkyl chain lengths (18,
12 and 8 carbons). An unprecedented series of nine NP populations were obtained by investigating the
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thermal decomposition of three iron complexes, that is, iron oleate (C18), iron dodecanoate (C12), and
iron octanoate (C8), in the presence of stabilizing ligands with the same alkyl chain length, that is,
oleic acid (C18), dodecanoic acid (C12), and octanoic acid (C8).

The structural characterization performed by transmission electron microscopy, X-ray diffraction, and
magnetic properties performed by SQUID magnetometry of the nine populations of maghemite NPs
are presented.

2. EXPERIMENTAL SECTION

2.1. Chemical products

All the materials were used as purchased without further purification. Iron (III) chloride (FeCls.6H,0,
99%, VWR), Sodium Oleate (>97.0%, TCI), sodium dodecanoate (>97 %, TCI), sodium n-Octanoate
(>99 %, TCI), 1-Hexadecene (for synthesis, Sigma-Aldrich), 1-Octadecene (technical grade, 90 %,
Sigma-Aldrich), oleic acid (technical grade, 90 %, Sigma-Aldrich), dodecanoic acid (99 %, Thermo
Scientific), and octanoic acid (99 %, Thermo Scientific) were used.

2.2. Synthesis of iron(X)s precursors (X = oleate, dodecanoate, octanoate)

Three iron(X); precursors (X = oleate, dodecanoate, and octanoate) were prepared by the reaction of
iron (IIT) chloride salt (FeCls) with the corresponding sodium fatty acid salts, sodium oleate, sodium
dodecanoate, and sodium octanoate. The synthesis of the iron (oleate); precursor was based on a
method reported by Park et al..". Iron chloride (10.8 g, 40 mmol) and sodium oleate 36.5 g (120
mmol) were solubilized in a mixture of solvents composed of 80 ml of ethanol, 60 ml of distilled
water, and 140 ml of hexane. The reaction mixture was heated to 70 °C and maintained at that
temperature for 4 h until the reaction was complete. The upper phase containing the iron-oleate
complex was then collected using a separating funnel and subjected to three washing steps with 30 ml
of distilled water. Subsequently, hexane was evaporated using a rotary evaporator, yielding an iron-
oleate complex in a waxy red-brown paste form. A similar method was used to prepare
iron(dodecanoate); and iron(octanoate); by replacing sodium oleate with sodium dodecanoate and
octanoate, respectively.

2.3. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was performed using a JEOL JEM-1011 microscope
operated at 100 kV. For the TEM analysis, drops of the colloidal solution were deposited onto an
amorphous carbon-coated TEM grid. The average diameter and polydispersity of the nanoparticles
(NPs) were determined by measuring the diameters of over 700 NPs from the TEM images using the
ImageJ software. The mean diameter was calculated as the average of these measurements, and
polydispersity was assessed based on the standard deviation relative to the mean size.

2.4. X-ray diffraction

X-ray diffraction of the nanoparticles was carried out using a Bruker D8 Advance X-ray diffractometer
provided by the Service Analyses Physico-Chimiques (SAPC) at the Université de Technologie de
Compiegne. The instrument was operated at 30 kV and 40 mA, with an X-ray wavelength of 0.1506
nm. The scanning encompassed a 28 range of 25°-70°, with increments of 0.02°. All the nanoparticle
samples were in powder form. For the analysis, the samples were deposited on a holder with a silicon
monocrystal.

2.5. Elemental analysis

The chemical compositions of the iron precursors were determined using energy dispersive X-ray
spectrometry (EDS) analysis, conducted on a scanning electron microscope (SEM, Quanta FEG 250,
Thermo Fisher) equipped with Quantax — X-Flash (Synergie4 — Bruker). This analysis was performed
at the Service Analyses Physico-Chimiques (SAPC) at the Université de Technologie de Compiegne.

2.6. Differential scanning calorimetry (DSC)



DSC analysis was performed to investigate the thermal properties of iron (oleate)s, iron
(dodecanoate)s, and iron (octanoate)s. The analysis was performed using a DSC Q200 instrument with
version 24.11 Build 124 software. DSC thermograms were obtained in the temperature range of [25—
400 °C] at a heating rate of 10 °C/min. For sample preparation, approximately 1.3 mg of the product
was used, and measurements were conducted with a Tzero Aluminum Hermetic pan under a nitrogen
atmosphere.

2.7. Magnetic measurements

Magnetic measurements were carried out on a commercial superconducting quantum interference
device (SQUID) magnetometer (MPMS3, Quantum Design, USA) with a field of 1.59 x 10° Am™ for
the zero-field-cooled (ZFC)/field-cooled (FC) susceptibility curves and with fields up to 3.98 x 10°
Am™ for the magnetization curves. All magnetic measurements were performed on a film of powdered
iron oxide NPs. During the measurement, the applied field was parallel to the iron-oxide NP film. For
the ZFC measurements, the sample was cooled from 300 to 3 K with no field and then heated to 300 K
in a field of 1.59 x 10° Am™ to record the magnetization Mz(T) of the sample. For the FC
measurements, the sample was cooled again to 3 K under the same applied field, and the
magnetization Mgc (T) was recorded. In both cases, the measurements were performed on heating with
a heating rate on the order of 2 K min™ for each temperature step. The measurement time was ~ 5 s.
The hysteresis curves were obtained at 3 K.

3. RESULTS AND DISCUSSION

To synthesize spherical maghemite NPs with three different diameters, centered at 3.3, 7.5, and 12.0
nm, and stabilized with three different carboxylic acid chain lengths, we adapted the procedure
reported by Park et al., which involves the thermal decomposition of iron oleate in the presence of
oleic acid (C18)", giving rise to oleic acid-coated maghemite NPs. The unprecedented accurate
control of the NP surface chemistry we present here was obtained thanks to the use of three types of
precursors, iron oleate, iron dodecanoate, and iron octanoate complexes, associated with their
corresponding carboxylic acids, that is, oleic acid (C18), dodecanoic acid (C12), and octanoic acid
(C8). For the three types of surface chemistry, that is, by using the three associated types of precursors,
the control of the NP size is obtained by using various strategies including the well-known solvent
effect'’. Indeed, it is now well established that the higher the boiling point of the solvent, for instance,
tetradecene (251°C), hexadecene (274°C), or octadecene (318 °C), the larger the NPs. However, this
strategy is somewhat limited, particularly for the synthesis of smaller NPs (~ 3 nm) (see below). In
addition, the thermal decomposition of the three precursors was strongly dependent on the carboxylic
acid chain length. This means that the nucleation and growth processes differ from one precursor to
another, which in turn requires the adaptation of the synthesis conditions from one precursor to
another. Therefore, the size control of maghemite NPs stabilized with C18, C12, and C8 ligands
involves not only the solvent effect strategy but also other ones, adapted to the different types of
precursors. For convenience, NPs with a mean diameter centered at 3.3, 7.5, and 12.0 nm are named
small, intermediate, and large-size NPs, respectively.

The dependence of the thermal decomposition of the precursors with the carboxylic acid chain length
is illustrated by a differential scanning calorimetry (DSC) analysis. TEM and X-ray diffraction studies
were performed to characterize the structural parameters of the nine populations of maghemite NPs
with diameters centered at 3.3, 7.5, and 12.0 nm and stabilized with C18, C12, and C8 carboxylic
acids. The magnetic properties of the nine populations were investigated.

3.1. Thermal decomposition study of the iron precursors by differential scanning calorimetry (DSC)
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Figure 1. Differential scanning calorimetry (DSC) of the (a) iron oleate, (b) iron dodecanoate, and (c)
iron octanoate precursors. Insets: corresponding energy dispersive X-ray spectrometry (EDS) patterns.

The thermal decomposition of the precursors, iron oleate (C18), iron dodecanoate (C12), and iron
octanoate (C8), was analyzed using differential scanning calorimetry (DSC) to elucidate the
differences in their decomposition behavior as influenced by the carboxylic acid chain length. DSC
was chosen for its ability to precisely capture the enthalpic changes associated with the decomposition
process, thereby providing detailed insight into the distinct thermal characteristics of each
precursor'*, The results are shown in Figure 1.

The DSC pattern of iron oleate (C18) (Figure 1a) showed a weak endothermic peak at 120 °C, which
can be attributed to the removal of crystal hydrate water. In good agreement with previous
studies*>*, an endothermic peak was observed at 230 °C, which corresponds to the dissociation of
the first oleate group from the precursor, whereas the next peak, at 320 °C, was assigned to the
dissociation of the two remaining ligands. The former was associated with the nucleation step,
whereas the latter was associated with the growth step. At higher temperatures (approximately 380
°C), the last peak corresponds to the complete decomposition of the precursor.

The DSC pattern of the iron dodecanoate (C12) precursor (Figure 1b) showed low-temperature peaks
at approximately 77 °C. Elemental analysis revealed that only iron was present. The absence of other
elements such as chlorine or sodium reveals the absence of impurities such as sodium dodecanoate,
which could result either from nonstoichiometric conditions during their synthesis or from a non-
optimal washing step?”’. The peak obtained at low temperatures can only be assigned to the melting
point of this precursor, which is solid at room temperature, unlike iron oleate (C18). Two endothermic
peaks were observed at 265 °C and 310 °C. Because of the similar behavior observed for iron oleate, it



can be assumed that these two endothermic peaks correspond to the nucleation and growth peaks,
respectively. However, the nucleation peak was found at higher temperatures compared to that of the
oleic precursor (265 °C versus 230 °C). This indicates that the nucleation step requires a significantly
higher temperature for the dodecanoate precursor than for the oleic precursor. The second endothermic
peak at 310 °C occurred at a slightly lower temperature than that of the oleic precursor. Comparative
measurements of the DSC patterns of oleic and dodecanoic precursors show that the effective
separation of the nucleation and growth processes taking place at different temperatures is less in the
latter than in the former. Complete decomposition occurs at approximately 370 °C, which is lower
than that of the oleic precursor.

Focusing on the iron octanoate (C8) precursor (Figure 1c), a low-temperature peak is observed at
60°C. As for the precursor iron dodecanoate (C12), this peak could be attributed to its melting point.
However, unlike the behavior observed for the C18 and C12 precursors, which displayed two peaks
attributed to the nucleation and growth steps, three peaks at 202, 220, and 270 °C were obtained for
the C8 precursor. It is possible that each of these three peaks corresponds to the dissociation of an
octanoate group from the precursor; however, in any case, they reveal a more complex dissociation
pathway than in the case of C18 and C12 precursors. Finally, complete decomposition occurs at
approximately 350 °C, which is lower than the temperatures of the oleic and dodecanoic precursors.

3.2. Transmission electron microscopy (TEM) study

3.2.1. Size control of oleic acid (C18)-coated maghemite nanoparticles

The synthesis of larger oleic acid (C18)-coated maghemite NPs was based on the procedure reported
by Park and Co.". 1.42 g (1.6 mmol) of the iron oleate precursor and 0.22 g (0.8 mmol) of oleic acid
were dissolved in 10 ml of octadecene. The precursor-to-ligand concentration ratio R was equal to 2.
This mixture was heated to the boiling point of octadecene (318 °C), refluxed for 30 min, and cooled
to room temperature (Table 1). A black solution was formed, which was washed with a large excess of
acetone, followed by centrifugation at 4900 rpm for 10 min. Oleic acid-coated NPs were dispersed in
chloroform. Figure 2a shows the TEM image of the resulting C18-NPs, revealing a population
composed of highly uniform spherical NPs, with a mean diameter and a size polydispersity of 12.6 nm
and 4 %, respectively (Inset of Figure 2a).

Using a lower boiling point (bp) solvent, hexadecene (bp: 274 °C), other things being equal, the mean
diameter decreases from 12.6 nm to 7.8 nm, keeping a low size polydispersity of 4 % (Figure 2b and
Inset of Fig 2b). This behavior is explained by the lower growth activation resulting from the use of a
solvent, whose boiling point (274 °C) is lower than the growth peak (300 °C), (Figure 1) compared to
the octadecene (318 °C)'12!416,
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Figure 2. Transmission electron microscopy (TEM) images of maghemite nanoparticles synthesized
from (a,b,c) iron oleate, (d,e,f) iron dodeconaoate, and (g,h,i) iron octanoate. The mean diameters are
centered on (a,d,g) 12.0 nm, (b,e,g) 7.5 nm and (c,f,i) 3.3 nm.

The very low NP-size polydispersity (4 % for both cases) is explained by the specific separation of the
nucleation and growth processes. Indeed, the DSC measurement shows a nucleation peak at
approximately 230 °C, corresponding to the first oleate ligand dissociation from the iron oleate, while
at approximately 320 °C, the remaining two oleate ligands dissociate in their turns, inducing NP
growth (Figure 1a).

By further decreasing the reaction temperature through the use of tetradecene (251 °C), other things
being equal, a population of small NPs (~ 2.6 nm) was obtained; however, a very low reaction yield
and high size polydispersity (20 %) were observed. This behavior is attributed to the fact that the
reaction temperature is close to the nucleation peak, thus hindering the decomposition of all
precursors. The solvent strategy, through the use of tetradecene, being unsuccessful in producing the
smaller NPs, we kept the procedure giving the 7.8 nm C18-NPs with the following modifications: the

7



precursor concentration is increased from 1.6 mmol to 4 mmol, keeping unchanged the ratio R equal to
2, as well as the solvent, hexadecene and the reflux time, 30 min (Table 1). As shown in (Figure 2c),
these conditions led to the formation of 3.4 nm with a size polydispersity of 14.3 %. The decrease in
the mean NP size with increasing precursor concentration results from the enhancement of iron
supersaturation before nucleation and is explained by the LaMer supersaturation theory*"*®,

Table 1. Parameters used for the synthesis of maghemite nanoparticles by thermal decomposition
approach with the TEM size measured.

Precursor | Ligand Solvent Reflux TEM Diameter
R=[P/L]
(mmol) (mmol) ( Ty °C) Time (min) (nm)
1.6 0.8 2.0 Octadecene (318°C) 30 12.6 (0 = 4%)
C18-NPs 1.6 0.8 2.0 Hexadecene (274°C) 30 7.8 (0 = 4%)
4.0 2.0 2.0 Hexadecene (274°C) 30 3.4 (0o =14.3%)
1.6 3.2 0.50 Octadecene (318°C) 30 13.3 (0 = 5.7%)
C12-NPs 0.8 1.6 0.50 Hexadecene (274°C) 60 7.8 (0 = 6.7%)
0.8 2.8 0.29 Hexadecene (274°C) 60 3.2 (0 = 14.5%)
1.6 2.0 0.80 Hexadecene (274°C) 90 11.2 (0 = 13.7%)
C8-NPs 1.6 2.0 0.80 Hexadecene (274°C) 60 7.0 (0 = 13.4%)
3.2 6.3 0.50 Hexadecene (274°C) 30 3.2 (0 =12.3%)

3.2.2. Size control of dodecanoic acid (C12)-coated maghemite nanoparticles

By repeating the procedure used to obtain the larger C18-NPs (see &3.2.1), with iron dodecanoate as a
precursor instead of iron oleate, we obtained polydisperse C12-NPs (6 = 17 %) with a mean diameter
of 14.0 nm instead of low polydisperse 12.6 nm NPs. As before, the change in the quality of the
populations can be explained by the change in the decomposition processes of the two iron precursors.
For iron oleate, the nucleation and growth peaks are at around 230 °C and 320 °C, respectively
compared to 265 °C and 310 °C for iron dodecanoate (Figure 1). To overcome the variation of the
nucleation and growth kinetics from the iron oleate to the iron dodecanoate, and then successfully
obtain uniform C12-NPs with a mean diameter centered on 12 nm, the precursor and ligand
concentrations have been modified as follows: 1.045 g (1.6 mmol) of iron dodecanoate precursor and
0.64 g (3.2 mmol) of dodecanoic acid have been used, giving a ratio, R, of 0.5. The solvent used
remained unchanged, that is, octadecene (318 °C), as well as the reflux time 30 min (Table 1). Under
optimized conditions, the TEM image and size histogram (Figure 2d and inset of Figure 2d) illustrate
the formation of 13.3 nm C12-NPs with a low polydispersity of 5.7 %.

Similar to the synthesis of the intermediate C18-NP size, we used a lower-boiling solvent, hexadecene,
instead of octadecene to form the intermediate C12-NP size. The resulting C12-NPs were highly
polydispersed (16 %) with a mean diameter of 6.3 nm. By adjusting the conditions, i.e., by decreasing
the precursor concentration from 1.6 mmol to 0.8 mmol, keeping unchanged the ratio R, and
increasing the reflux time from 30 min to 60 min, low-size polydispersity C12-NPs (6.7 %) with a
mean diameter of 7. 8 nm were obtained (Figure 2e and the Inset of Figure 2e). This behavior
illustrates the importance of the nature of the Fe precursor.

By adjusting the ratio, R, to 0.28 (instead of 0.5 for the 7.8 nm C12-NPs), that is, by increasing the
dodecanoic acid ligand concentration, other things being equal, 3.2 nm C12-NPs with a size
polydispersity of 14.5 % were obtained (Figure 2f and inset of Figure 2f). The effect of the increase in
the ligand concentration on NP growth has been investigated by several groups, and trends of either
(1) increasing'>**% or (2) decreasing'*'****' size have been observed. This effect can be the opposite
of whether it affects the nucleation or growth step. In the first case, an increase in ligand concentration
tended to induce higher stabilization of the iron complex. This stabilization slows the nucleation step,
which in turn lowers the number of nuclei, leading to a larger NP size. In the second case, excess
ligands tend to inhibit NP growth by covering the growth sites, resulting in a smaller NP size. The

8



intricate interplay between the ligand concentration and the other reaction parameters (the nature and
concentration of the reactants, solvent, heating rate, and reflux time), which differ from one study to
another, likely explains the two opposite trends reported in the literature. In our case, the decrease in
the C12-NP size from 7.8 nm to 3.2 nm with increasing the dodecanoic ligand from 1.6 mmol to 2.8
mmol, other things being equal, can be explained by the blocking of the NP growth of the growing
NPs.

3.2.3. Size control of octanoic acid (C8)-coated maghemite nanoparticles

Starting again from the synthesis conditions established for the larger C18-NP size and replacing the
iron oleate precursor with an iron octanoate precursor, we obtained highly polydispersed NPs (15 %)
with a mean diameter of 20 nm. To obtain the desired NP population, the nature of the solvent, the
ligand/precursor ratio, and the reflux time were optimized as follows: the precursor concentration was
1.6 mmol, the ratio, R, was 0.8, and the synthesis occurred in hexadecene (b.p.). 274 °C), with a
reflux time of 90 min (Table 1). As shown in the TEM image and size histogram (Figure 2 g and inset
of Figure 2 g), the resulting C8-NPs were characterized by mean size and size polydispersity of 11.2
nm and 13.7 %, respectively.

Decreasing the reflux time from 90 to 60 min, other things being equal, the mean size decreases from
11.2 nm to 7.0 nm keeping almost unchanged the size polydispersity, 13.4 % (Figure 2h and inset of
Figure 2h). This behavior observed under our conditions, that is, with an iron octanoate precursor and
hexadecene as a solvent, illustrates the time dependence of the growth process during the reflux
performed at 274 °C, which corresponds to the growth temperature according to the DSC study
(Figure 1c).

The smallest C8-NPs were obtained by combining the reflux time, the R-value, and the precursor
concentration effects. Hence, by decreasing both the reflux time from 60 min to 30 min, the R-value
from 0.8 to 0.5, and by increasing the octanoic acid concentration from 1.6 mmol to 3.2 mmol, C8-
NPs with a mean diameter and size polydispersity of 3.2 nm and 12.3% respectively have been
obtained (Figure 2i and insert of Figure 2i).

It is noteworthy that whatever the size is, the C8-NPs have a higher polydispersity compared to their
C18- and C12-counterparts. This behavior may be explained by a more complex dissociation process
of the iron octanoic precursor revealed by three endothermic events (instead of two for the C18 and
C12 precursors) which are, furthermore, close to each other.

After detailing the synthesis conditions and three nanoparticle sizes obtained from each precursor, it is
worth considering another intriguing parameter: saturation of the ligands used. In our study, both
unsaturated oleate (C1s8) and saturated dodecanoate (C12) and octanoate (Cs) ligands were employed,
introducing differences not only in chain length but also in ligand saturation. When the precursor is
switched from unsaturated oleate (Cis) to saturated dodecanoate (C12) or saturated octanoate (Cs)
ligands, two key parameters are altered: chain length and ligand saturation. In addition, other
experimental conditions, including the precursor ratio, solvent boiling point, and reflux time, were also
modified. Therefore, isolating the specific effects of ligand unsaturation is challenging because of
these simultaneous changes.

However, the Literature indicates that unsaturation in ligands such as oleate introduces a bend in the
alkyl chain, leading to less ordered ligand shells compared to the more linear and ordered shells
formed by saturated ligands*™**. This bend disrupts the tight packing, allowing for better solvent
intercalation and enhanced colloidal stability. As a result, unsaturated ligands can influence the
solubility of nanoparticles by facilitating better interactions with the solvent. In our study, regardless
of the degree of saturation of the ligand, no significant changes in colloidal stability were observed,
which remained consistently high.

These differences in solvent-ligand interactions due to ligand saturation also affect the growth
mechanism of the nanoparticles. The enhanced solvent-ligand interactions, specifically the increased
solubility of the ligand, led to a reduction in ligand-ligand attractions within the ligand layer
surrounding the nanoparticles during their growth. This reduction weakened the integrity of the ligand
layer, thereby promoting particle growth®.
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3.3. X-ray diffraction study

Figure 3 presents the X-ray diffraction (XRD) patterns for nine iron oxide nanoparticle (NP) samples,
with reference patterns for maghemite (y-Fe203) and magnetite (FesO4) employed for comparative
analysis. The reference patterns correspond to maghemite (ICDD PDF card no. 04-021-3968) with a
unit cell parameter of 8.336 A and magnetite (ICDD PDF card no. 00-019-0629) with a unit cell
parameter of 8.396 A. The XRD patterns of the C12-coated NPs exhibit additional peaks attributable
to dodecanoic acid. Peak broadening was observed as the nanoparticle size decreased, which is
consistent with the Scherrer equation. Indexation of all samples, varying in size (7 nm and 12 nm) and
surface chemistry (C18, C12, and C8), indicated a predominant alignment with maghemite rather than
magnetite. Given the close similarity of the XRD patterns for these two crystalline phases, the unit cell
parameters were determined by analyzing the position and broadening of the (311) reflection within
the spinel structure following established procedures®. The unit cell parameter values for the samples
summarized in Table 2 ranged from 8.334 to 8.346 nm, which closely matched the known lattice
parameter of maghemite (y-Fe203), typically approximately 8.33 nm. In contrast, magnetite (Fe30a4)
has a slightly larger lattice parameter, approximately 8.396 nm. The calculated cell parameter values
for these samples (C18-NPs, C12-NPs, and C8-NPs) suggested that the crystal phase present in these
nanoparticles was predominantly maghemite rather than magnetite. This conclusion aligns with the
characteristic slight reduction in the lattice parameter expected for maghemite, likely due to the
presence of vacancies in the iron sites compared with the fully occupied iron sites in magnetite.

Table 2. TEM and XRD Size Analysis and Unit Cell Measurements of Iron Oxide Nanoparticles
Using the (311) Plane Position and Broadening.

TEM size XRD size Cell parameter
(nm) (nm) (nm)
C18-NPs |12.6 6 8.345
7.8 4.6 8.346
C12-NPs |13.3 5.1 8.335
7.8 4.7 8.334
C8-NPs [11.2 6.8 8.336
7 5 8.346

For the smallest nanoparticles (3 nm), The XRD peaks become larger for the smaller C18-NPs and
C12-NPs, which is in line with the Scherrer equation'>* but the low crystallinity and significant noise
in the patterns precluded a clear distinction between maghemite and magnetite, preventing the
calculation of the unit cell parameters. Further analysis of the XRD pattern for the 3 nm C8-coated
nanoparticles revealed more pronounced peak broadening and shifts in peak positions compared to the
C18- and C12-coated samples. These shifts and broadening indicate that the diffraction patterns of the
C8-coated nanoparticles may be influenced by factors other than crystallinity, such as interactions with
free carboxylates or iron complexes. Consequently, the XRD pattern may not provide a
straightforward interpretation of the composition. Although XRD analysis predominantly identifies
maghemite as the main phase, it is important to note that the negligible presence of magnetite cannot
be conclusively ruled out. The precision of XRD in distinguishing and quantifying minor phases is
limited because of the similar diffraction patterns of maghemite and magnetite.
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Figure 3. X-ray diffraction (XRD) patterns of iron oxide nanoparticles synthesized from (a,b,c) iron
oleate, (d,e,f) iron dodeconoate, and (g,h,i) iron octanoate. The mean diameters are centered on (a,d,g)
12.0 nm, (b,e,g) 7.5 nm and (c,f,i) 3.3 nm. Solid lines: maghemite (Ref. 04-021-3968, PDF-5)
reference pattern. Dotted lines: magnetite (Ref. 04-027-0607, PDF-5) reference patterns.

3.4. Magnetic properties of maghemite nanoparticles with tunable size and surface chemistry
3.4.1. Magnetization versus temperature measurements

Figure 4 shows the field-cooled (FC) and zero-field-cooled (ZFC) magnetization versus temperature
curves for the nine populations of maghemite NPs presented in Figure 2, differing by both their size
and surface chemistry. As the sample has been cooled in zero field, there is no net alignment of the
spins at 3 K; hence, the magnetization is close to zero. A small magnetic field (1.59 x 10®> Am™) was
applied. As the temperature is increases, the spins become progressively “unblocked”, aligning
towards the field direction, and the magnetization increases until it reaches a maximum at a
temperature Tpax related to the blocking temperature Ts. Above Ty the behavior is paramagnetic i.e.
the thermal energy increases to such an extent that the increased dynamic rotation of the spins prevents
alignment in the field direction and the magnetization decreases with increasing temperature. In a
monodisperse assembly, T is typically defined using equation (1):

To=KV/[Keln(t/70)] 1)

where K, V, and kg are the energy anisotropy constant, particle volume, and Boltzmann’s constant. T, is
a characteristic relaxation time of 10" s for ferro- or ferrimagnetic materials and tx = 60 s is the
experimental time scale of the susceptibility measurement. When the size polydispersity cannot be
neglected, Trax does not coincide with T as has already been discussed in refs**>" and the distribution
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of Ts must be related to the distribution of particle volumes. The derivative d(Mzrc - Mec)/dT can be
seen as the Ty distribution presenting two characteristic temperatures, namely T for the inflection
point, defined as the maximum value of d(Mzrc)/dT (and equivalently of d(Mzrc- Mec)/dT), and Trmax
where d(Mzc)/dT = 0. Clearly, Tip and Tmsx are the lower and upper bounds, respectively, of the
blocking temperature corresponding to the characteristic value, V, of the volume log-normal
distribution, as introduced by Sappey® (see Table 3). For the smallest particles, <V> c.a. 3.3 nm, such
a distinction is much less meaningful because of the increasing influence of spin canting and
crystalline defects, making the models used for the introduction of ZFC/FC magnetizations inaccurate.
Hence, in this case, we consider Tp.x as the temperature at which the entire distribution reaches the

superparamagnetic regime as a more representative one.

Lb] |8
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Figure 4. FC and ZFC magnetization versus temperature curves with applied field H = 1.59 x 10° Am
!, of maghemite nanoparticles synthesized from (a,b,c) iron oleate, (d,e,f) iron dodeconoate and (g,h,i)
iron octanoate. The mean diameters are centered on (a,d,g) 12.0 nm, (b,e,g) 7.5 nm and (c,f, i) 3.3 nm.
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Table 3.

Magnetic parameters extracted from the ZFC magnetization and the hysteresis curves for the nine
populations of maghemite nanoparticles, passivated with oleate (C18), dodecanoate (C12), and
octanoate (C8) ligands. Tg: blocking temperature, M,/Mums: ratio of remanent-to-magnetization at
Hmax (Hmax = 3.98 x 10° Am™), Hc: coercive field.

Diameter (nm) Te(K) | M//Mumx H.(10* Am™)
C18-NPs 12.6 (0 = 4.0 %) 117 0.44 4,18
7.8 (0 =4.0%) 45 0.38 4.02
3.4 (o0 =14.3 %) 5 0.06 0.99
C12-NPs 13.3 (0 =5.7 %) 124 0.34 3.34
7.8 (0 =6.7 %) 42 0.38 3.70
3.2 (0 =14.5 %) 5 0.11 0.44
C8-NPs 11.2 (o0 = 13.7 %) 83 0.37 4.02
7.0 (0 = 13.4 %) 22 0.29 2.11
3.2 (0 =12.3 %) 4 0.03 0.48

The larger oleic acid (C18)-coated maghemite NPs (12.6 nm) were characterized by a Ts(vo) of 117 K
(Table 3). This value is in good agreement with the values reported in the literature for similar-sized
C18-coated maghemite NPs''*, The C12-NPs (13.3 nm) and C8-NPs (11.2 nm) were characterized by
a Tp(vo) of 124 K and 83 K, respectively, similar to that of C18-NPs with sizes of the same order. For
the series of larger NPs, it is noticeable that the higher the mean diameter, the higher the T, which is
consistent with an increase in the particle volume (See equation (1)). This magnetic trend is further
illustrated for intermediate-sized NP (Table 3). Whatever the ligand is, they are characterized by a
lower Ts compared to the larger NPs. The C18-NPs (7.8 nm), C12-NPs (7.8 nm), and C8-NPs (7.0 nm)
were characterized by Tg(vo) values of of 45 K, 42 K, and 22 K, respectively. By focusing on the
smaller NPs with a diameter of approximately 3.3 nm, Ty values were found around 5 K (Table 3).
This low value of Ty is explained by their very small volume but not only. Indeed, it is likely that the
spin canting, which is all the more important as the particle size is small, significantly contributes to
lowering the blocking temperature. The ZFC curves for the series of larger and intermediate-sized
NPs passivated with C18, C12, and C8 ligands, normalized to Tm., are presented in (Figure 5).
Whatever the NP size is, it appears that the curve for the C8-NPs is broadened concerning the ones of
the C18 and C12 NPs. This reflects a larger distribution of the magnetic anisotropy energy due to a
larger size distribution for the C8-NPs compared to the C12- and C18-NPs (Table 1).
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Figure 5. Zero field magnetization versus temperature curves normalized to Tr.x of maghemite
nanoparticles synthesized from iron oleate (solid line), iron dodeconoate (full circles), and iron
octanoate (dashed line). (a) large-nanoparticle sizes, (b) intermediate-nanoparticle sizes.

In the FC curves, the magnetization is larger than those of the ZFC curves from 3 K to Tg. Above T,
the magnetization decreases with increasing temperature and joins the ZFC curve.

The FC curves obtained for the series of the large-size NPs (Figure 4a,d,g) show a rather flat FC curve
at a temperature below Ts, which is indicative of strong dipolar interactions. However, for the
intermediate- and small-sized (C18, C12, and C8) NPs (Figure 4b,c,e,fh, i), the FC curves show an
almost uniform decay before joining the ZFC curve above T, which suggests that the dipolar
interaction effect for these samples is not predominant®. The stronger interactions between the larger
maghemite NPs compared to the intermediate and small-size NPs can be explained in two ways. First,
the washing of the larger particles, at the end of the synthesis, was more efficient compared to the
intermediate- and small-size particles, ensuring a very low amount of by-products (e.g., an excess of
surfactant) in the colloidal solution and then a decrease in the interparticle distance for the larger
particles compared to the intermediate- and small-size NPs. Second, it is well established that dipolar
interactions in the assembly of NPs increase with their volume of the NPs*,

3.4.2. Magnetic Hysteresis Measurements

Figure 6 shows the corresponding hysteresis curves for the nine populations of maghemite NPs
differing by both their size and surface chemistry. Regardless of the sample, saturation magnetization
is never attained with a field Hu.x of 3.98 10° Am™. The magnetization curves for the larger NPs and
the intermediate-sized NPs are close to saturation, while the smallest particles, owing to the more
important spin canting effect and crystalline defects, likely saturate at much higher fields. The ratio of
remanent-to-magnetization at Humax (My/Mumax) and the coercive field (H,) are listed in Table 3. For the
larger NPs as well as for the intermediate-size NPs, the (M/Mumax) is found to be approximately 0.4,
which is close to the value of 0.5, expected for uniaxial anisotropy**.
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Figure 6. Hysteresis curves performed at 3 K, of maghemite nanoparticles synthesized from (a,b,c)
iron oleate, (d,e,h) iron dodeconoate, and (g,h,i) iron octanoate. The mean diameters are centered on
(a,d,g) 12.0 nm, (b,e,g) 7.5 nm and (c,f, i) 3.3 nm.

This magnetic behavior is in good agreement with previously reported studies'>'**>. However,
regardless of the ligand coating, the smaller particles are characterized by a very low value (M/Mumax)
between 0.03 and 0.11. This behavior is attributed to the fact that the measurement temperature (3K) is
very close to their blocking temperature, around 5 K, i.e,, a majority of the NPs display a
superparamagnetic behavior. Moreover due to the small NP size, one expects that the spin canting will
take a much more relative importance than in the case of the larger NPs. In a first approximation, both
consequences of the small NP size, namely the small deviation between the measuring and blocking
temperatures and the relative importance of the spin canting, can be modeled by adding to the
distribution of NPs a component of non-anisotropic NP (Kes = 0) representing either an ultra-soft
phase due to the spin canting or the distribution of the smallest NPs, which are in the
superparamagnetic regime (T < Tb). As a qualitative example, we performed Monte Carlo simulations
(see Figure 7) of the hysteresis loop with either a single Stoner-Wolfarth component or a mixture
including a non-anisotropic component. Doing this, on the one hand, one gets a reduction of both
Mr/Ms and Hc and on the other hand, the shape of the hysteresis curves of the C8 and C18 samples
can be qualitatively reproduced. This means that we can interpret both the sharp reduction of Hc and
the shoulder of the M(h) curves for the C8 and C18 systems as a signature of the magnetic multiphase
character of the corresponding NP assemblies. A similar interpretation was proposed for the behavior
of the hysteresis curves of CoPt NP during annealing™®*’.
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Figure 7. Monte Carlo simulation of the hysteresis curve of a single Stoner-Wolfarth model with
reduced uniaxial anisotropy e, = 2 and mixture including a non-anisotropic component ( &,= 0). This
model is given only for a qualitative purpose as the value chosen for the reduced anisotropy energy (€,
= 2) is not fitted to the experimental samples. The reduced field h is H/H, where H; is the reference
field H, = Hi/(2¢,) and Hy the usual anisotropy field (2K/(,Ms)).

CONCLUSION

In this paper, we report the first example of low-size polydisperse spherical maghemite NPs
synthesized by the thermal decomposition of iron precursor with accurate control of both surface
chemistry and diameter. The surface chemistry has been controlled by using three types of iron
complexes, i.e., iron oleate (C18), iron dodecanoate (C12), and iron octanoate (C8) associated with the
fatty acid ligands having the same alkyl chain length i.e., oleic acid (C18), dodecanoic acid (C12) and
octanoic acid (C8). The optimal conditions favoring the growth of diameters centered at 3.3 nm, 7.5
nm, and 12.0 nm, for the three types of ligands, have been established. It is worth noticing that these
conditions depend on the precursor length and its thermal decomposition behavior. Magnetic
properties performed by SQUID magnetometry of the nine populations of maghemite NPs reflect the
accurate size control. A potential future direction for research in this field is to study the impact of the
ligands differing by their chemical nature and chain length on the NP interactions with their
environment (solvent, polymer, ... etc). Controlling the ligand chain length of the maghemite NPs
organized in supercrystals is of great importance to tune the structural characteristics of these
nanomaterials, i.e., the interparticle distance and the 3D crystalline structure. Such magnetic
superlattices provide a new horizon in fundamental physics and can be used as model systems for
considering phenomena related to dipolar interactions within the solid and in particular the dipolar
superferromagnetism (SFM), expected in highly dense supercrystals.
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