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Magnetite nanoparticles are an important nanomaterial with promising biomedical applications that depend
crucially on their stoichiometry. Their tendency to oxidize and turn into isostructural maghemite means that
discriminating between both oxides is a essential task that is difficult to achieve with conventional techniques.
In this work, a novel methodology based on infrared spectroscopy is developed and tested with practically
relevant magnetic nanoparticles. In contrast to Raman spectroscopy, which is prone to systematic errors and
only offers a qualitative understanding of the vibrational properties, infrared spectroscopy is not only able to
identify all the modes corresponding to magnetite and maghemite, but also capable of discriminating between
two possible structural variants of maghemite. Additionally, the proposed approach also allows the acquisition
of electrical conductivity, a property that is sensitive to the structure and stoichiometry of the particles.
Together, vibrational mode modeling and conductivity quantification provide a detailed picture of the structure
and properties of mixed iron oxide nanoparticles that is valuable towards an advanced characterization of
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1 Introduction

Iron oxide can be found in a vast diversity of species, whether
naturally occurring or synthetically produced. Besides amor-
phous oxides and exotic compounds, it predominantly mani-
fests in the following oxidation states: magnetite (Fe;0,),
wistite (FeO), maghemite (y-Fe,O3), and hematite (a-Fe,O3),
the last two being the most prevalent species within the Fe,O;
polymorphic family.!

Over the past decade, magnetite nanoparticles (Fe;0,-NPs)
have emerged as a versatile and interesting nanomaterial for a
variety of applications in a wide range of scientific areas,
including biomedicine, pharmacy, environmental chemistry,
and optoelectronics. These nanoparticles are studied for their
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magnetic nanomaterials in real biomedical applications.

potential applications notably in magnetic drug targeting,>?
tissue engineering,>* pollutant elimination in natural
environments™® and ferrofluids for novel optoelectronic
devices.”® Nevertheless, one of the primary applications of
Fe;0,-NPs in modern biomedicine has been their implementa-
tion in magnetic hyperthermia treatments.

Among all their qualities, high magnetization saturation,
magnetic anisotropy, and excellent biocompatibility are the
properties that make ferrimagnetic Fe;0,-NPs an ideal candi-
date for hyperthermia applications.'®™** Furthermore, several
studies were published exploring the transportation of these
nanoparticles in biological environments by taking advantage
of their ferrimagnetic nature.">* Emerging research indicates
that the combination of efficient transportation and the precise
spatial control of carcinogenic cell destruction make Fe;0,-NPs
a promising tumor-selective material. This allows the develop-
ment of an alternative to conventional cancer treatment
techniques, which often lack selectivity and may affect the
surrounding healthy tissues, as observed in radiation and
microwave therapies.'?

A strict control of the size and shape of the nanoparticles,
together with a precise regulation of the stoichiometric ratios,
is necessary to guarantee optimum hyperthermic behavior.
Regarding size and shape control, several studies conducted
over the last years worked on tailoring these properties to
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enhance the synthesis process."*"> Controlling the synthesis to
ensure high crystallinity and compositional homogeneity is not
a trivial task, since a mixture of oxides can lead to degradation
or loss of the distinctive magnetic properties, and, as
previous studies have established, Fe;0,-NPs could easily suffer
partial transformation to y-Fe,O; depending on the storing
environment, temperature and atmosphere.">"” Consequently,
establishing a characterization technique able to accurately
distinguish different iron oxides (particularly Fe;O, and 7v-
Fe,03) becomes crucial in order to develop novel synthesis
routes. Additionally, a technique that is widely recognized, and
does not demand extensive pre-training would be highly prac-
tical for scientists working on the area.

Nevertheless, a significant challenge arises as a result of the
crystal structure similarity of both oxides. Fe;O, exhibits an
inverse spinel structure with a FCC lattice (Fd3m) at ambient
temperature. In this case, trivalent iron cations occupy tetra-
hedral sites, while octahedral sites are occupied with the same
probability by trivalent and divalent cations, as described by the
following structural formula:

(Fe*")s [Fe*"Fe*]16032

where () and [] represent tetrahedral and octahedral sites,
respectively. Divalent cations are highly unstable in contact
with atmospheric oxygen, which produces a migration to the
surface of the material and introduces a population of vacan-
cies in the crystal structure. As a result, Fe;O, suffers a
transformation to y-Fe, O3, described by the following structural
formula:

(Fe3+)8 [Fe5/63+ O1/6)16032

where the symbol [J represents the cation vacancies. Different
crystal structures are generated depending on the level of
vacancy ordering withing the y-Fe,O; lattice. If the distribution
of the vacancies is totally random, all the possible configura-
tions will be statistically equivalent. This leads to the so-called
fully disordered y-Fe,Oj3, characterized by the highest obtain-
able structural symmetry and a Fd3m space group. Partially
ordered y-Fe,Oj is related to a partial vacancy ordering, linked
to a lower symmetry cubic space group P4;32.'® Finally, fully
ordered y-Fe,O; develops when the highest vacancy ordering is
attained, generating the lowest symmetry structure described
by the tetragonal space group P4,2,2."

In this regard, discerning between the isostructural species
Fe;O, and fully disordered y-Fe,O; using X-ray diffraction
(XRD) becomes a challenging task, as both exhibit very similar
diffraction patterns. Mdssbauer spectroscopy has been estab-
lished as the standard technique for this purpose, since it
allows the differentiation between divalent and trivalent iron
cations based on their different isomer shifts. Nonetheless, for
nanoparticles with diameters around d = 20 nm, thermal effects
such as Brown and Néel relaxation may disturb the magnetic
splitting at room temperature, making it only possible to
characterize the composition of small nanoparticles applying
strong magnetic fields (> 5 T) or considerably low temperatures
(<120 K),>**! conditions that are not always available.
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The resonant frequencies of fully disordered y-Fe,O; vibra-
tional modes differ from those of Fe;O, due to the structural
modification caused by the distribution of vacancies and the
different atomic bond strengths. Consequently, vibrational
spectroscopic techniques, such as Raman and IR spectroscopy,
become promising candidates for the identification of these
species in mixed iron oxide materials. Both Fe;O, and y-Fe,O3
show a strong Raman vibrational band, located at distinct
frequencies for each substance as a result of differences in
the Fe-O bond strength and distance. Despite allowing a
qualitative interpretation, Raman laser power can overheat
the sample under study, causing a transformation from Fe;0,
to y-Fe,O; during the experiment. This technical problem
prevents an adequate interpretation of the results, making it
challenging to accurately index the Raman vibrational modes of
these iron oxide species. This topic has been extensively dis-
cussed in literature, which evidenced the need of prior under-
standing and pre-training in order to apply a proper Raman
laser power and perform a correct indexation of the vibrational
modes.*** Furthermore, relating Raman signals to the concen-
tration of different iron oxide phases becomes highly challen-
ging, as the Raman response of a material varies depending on
the laser wavelength used on the experiment, resulting on
signals of different intensities.

Considering this, IR spectroscopy shows promise as a tech-
nique able to discern Fe;O, from y-Fe,Oj3 as it is able to detect
the different vibrational modes coming from each material
without the risk of sample overheating. However, not many
detailed IR studies about iron oxides can be found in
literature,* in spite of the popularity and ease of use of the
technique. Several qualitative studies focused on the indexation
and characterization of surface species have been published
over the years,>*>?® but a detailed understanding of the
complex vibrational nature of iron oxides is still lacking.
Furthermore, the potential of IR spectroscopy is enhanced by
combining it with a robust permittivity extraction model, which
brings us closer to extract quantitative information such as the
proportion of the constituent oxides or the conductivity of the
sample. This proposal aligns with the current trend of devel-
oping permittivity extraction techniques and quantitative ana-
lysis based on IR spectroscopy of inorganic solids.””>°

2 Materials and methods
2.1 Synthesis

The selection of the samples was based on the need to develop
a characterization technique for the materials that are com-
monly used in hyperthermia research. This choice links this
rather academic study to social issues, enhancing its relevance
and usefulness.

The samples studied in this work were reported in ref. 14
and were synthesized by the thermal decomposition of iron(ur)
oleates. Briefly, different iron(m) oleates were synthesized vary-
ing synthesis conditions and the effect of the iron(m) chloride/
sodium oleate molar ratio and the annealing time was studied.

Phys. Chem. Chem. Phys., 2025, 27, 8498-8509 | 8499
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Then, thermal decomposition of iron(u) oleates dissolved in
octadecene (10 mL), dibenzyl ether (5 mL) and oleic acid
(3.2 mL) yield high-quality nanoparticles with diverse sizes
(10 to 40 nm) and morphologies (cuboctahedral, octahedral,
and spherical). After washing the samples by centrifugation 3
times, they were stored in chloroform at 4 °C. Nanoparticles
obtained by this synthesis route are coated with oleic ligands,
where the oxygen atoms are in contact with the magnetic core
and the carbon chains are exposed outside, forming a brush-
like structure with a hydrophobic character. For this reason,
nanoparticles will be stable in non-polar or slightly polar
solvents such as chloroform or THF.

The sample codes reflect their synthesis characteristics. The
first part of the name corresponds to the molar ratio of the
precursors (FeCl; : NaOleate) and an additional letter is used to
denote the annealing time (S stands for a shorter 21-h anneal-
ing, L for a longer 42-h one). The only exception to this code is the
sample synthesized using oleylamine instead of oleate, which is
given the code 40:115_S_OAm. To determine the percentage of
organic matter in the samples, thermogravimetric analysis of 10 mg
of well-dried nanoparticles was performed, and the following
organic ligand (OL) proportions were obtained:"* mop 40.120 s =
18.8%, Mopa0:120 1 = 23.4%, Mopa0115.s = 29-6%, Mop 401255 =
31.6% and Mor, 40115 s oam = 11.8%.

TEM images of the samples studied in this work can be seen
in Fig. 1. The samples present a monophasic composition and

(a) 40:120_S

0
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(b)

40:1
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narrow size distribution. Histograms of size distributions are
added as insets, together with Gaussian fits, which have been
generated based on Feret diameter measurements from micro-
scopy images using the image processing software Image].*°
For octahedral samples, the length of the longer diagonal was
measured, while for cuboctahedral and spherical samples, the
approximated diameter was evaluated. Additionally, images of
selected nanoparticles are also found in insets. For spectro-
scopy experiments, the samples were allowed to dry, and the
resulting nanoparticle powder was stored under vacuum con-
ditions produced by a rotary pump. This ensured the elimina-
tion of the chloroform, allowing an adequate structural and
spectroscopic characterization of the sample material.

2.2 Experimental methods

A set of experimental characterization techniques was
employed to study the structural and vibrational properties of
the samples. XRD experiments were performed to study the
crystal structure of the samples, while Raman and specular IR
spectroscopy provided insight into the vibrational behavior,
optical properties and composition. A detailed description of
the techniques is included in the following paragraphs.

XRD measurements were performed with a four-circle Stoe
Stadivari diffractometer with a Debye-Scherrer geometry and
spinning stage for powder samples. In this equipment, the
radiation originates from a microfocus X-ray tube with a Mo
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Fig. 1 TEM images and corresponding size distributions of samples 40:120_S (a), 40:120_L (b), 40:115_S (c), 40:125_S (d) and 40:115_S_OAm (e).
Selected nanoparticles are highlighted and histograms of the size distributions are added as insets.
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anode, monochromatized with a multilayer mirror. The wave-
length of the radiation is Mo K, = 0.71069 A and the detector is
a two-dimensional CMOS Dectris Pilatus-100K. While several
studies from literature use a Cu Ko X-ray source (1 = 1.5418 A)
the Mo Ko source is more convenient for iron oxide samples, as
they present fluorescence when exposed to Cu Ko radiation,
causing a significant increase in background signal. This
phenomenon decreases the signal-to-noise ratio and makes it
difficult to detect low-intensity peaks.*!

Raman spectroscopy measurements were performed using a
Renishaw inVia Qontor spectrometer equipped with a 633 nm
HeNe laser (20 mW), and a Renishaw inVia Reflex with a
514 nm (50 mW) Diode pumped Solid State Laser. In both
cases, a grating of 1800 lines per mm was used to disperse the
scattered light before being detected by the charged coupled
device (CCD) camera. The spectra were obtained using an
optical microscope Leica DM 2500 equipped with a long work-
ing distance 50x objective with a numerical aperture of 0.50.
For analysis, a minimal laser excitation power (<1 mW) was
used to avoid laser-induced heating.

To perform IR reflectance experiments, 5 mm diameter
pellets were prepared by pressing the nanoparticle powder
employing a die and a hydraulic press (compaction pressure
of 2 t). To compute the filling factors of the pellets, the ratio
between the pellet and compound densities was determined
(f = Ppettet! Pranopartices), Where ppeiier Was computed by direct
measurements of the mass and volume of the pellets. The
volume of the pellets was obtained by direct measurement of
their thickness using an optical microscope. The density of the
nanoparticle compound was determinated using the density of
Fe;0, (assumed to be pre o, = 5.175 g cm ™ °*?), and the density
of oleic acid (poa = 0.895 g cm ) to take into account the
proportion of resting organic ligands. An estimated value of the
density is required for our analysis, and using the value of
Fe;O, is the best approximation, even if subject to a
small systematic error due to the y-Fe,O; fraction present in
the nanoparticles exposed to atmospheric oxygen. This
choice was made because the nanoparticles after synthesis
consisted mainly of Fe;O,, and the density of 7y-Fe,O;
(Py-re,0, = 4.9 g em ) is similar to that of Fe;0,.

Spectral reflectivity measurements were performed in
the MIR and FIR wavelength ranges using a Bruker VERTEX
80v FT-IR spectrometer with a variable incident-angle specular
reflectance accessory. This accessory allows changing the value
of the incident angle, which for this study was chosen to be the
closest to the normal that the apparatus permitted to obtain
(15°). The MIR range (400 cm™ " to 7000 cm™ ') was measured
with a Deuterated 1-alanine doped TriGlycine Sulphate
(DLaTGS) detector, while a liquid He cooled bolometer was
employed for the FIR range (100 cm ' to 700 cm ‘). Both
ranges were measured with a 2 cm ™" spectral resolution. An
aluminum mirror was used as a reference. The effect of
spurious radiation sources due to the sample environment
was corrected by substracting from each measurement the
signal obtained with the Globar source turned away from the
sample chamber.
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2.3 IR modeling and permittivity extraction

2.3.1 Dielectric model for conducting oxides. In order to
model and to analyze the contribution of different iron oxides
to the infrared spectra of the material, it is essential to first
construct a phenomenological permittivity model able to repro-
duce the experimental reflectivity spectra. The optical proper-
ties of conducting oxides are governed by the combination of
absorption mechanisms produced by polarons and phonons.
By this means, the model must include both physical mechan-
isms: the polaron absorption will be described using the
extended Drude model for conducting oxides,**** and the
phonon absorption will be modeled using Lorentzian func-
tions. The model can be represented by the following expres-
sion for the complex permittivity:

QP2 Ae
s =g E i 1
i) = o w(a)+iy)+l—iwr+ ; / )
Drude Debye

where ¢, is the high frequency dielectric constant, f; represents
the j-th phonon absorption band, Q5 is the plasma frequency in
em™ ', Ae is the dielectric contribution of the Debye relaxation
and y = 1/t the damping constant, the inverse of the relaxation
time 7 of the electronic charge carriers.

The extended Drude model is composed of two contribu-
tions corresponding to the Drude and Debye relaxation terms.
The first term is related to the conventional electric transport,
involving large delocalized polarons. Alternately, the second
term describes the dielectric relaxation driven by the hopping
transport of small polarons, a type of transport common in
materials with disorder or defects that create localized energy
states. This approach has been widely applied to study the
infrared optical properties of diverse conducting oxides.**%°

Simple damped oscillators, known as Lorentzian functions
or 3 parameter phonon functions, were used to model
the contribution of phonon absorption bands in the spectra,
which can be understood as the combination of harmonic
oscillator terms:

2
AgiQr0,j

Q10> — @ +ipro ;0

Ji (2)

where  is the wavenumber in ecm™, while As, Qpo and 7y

represent the dielectric strength, the harmonic transverse
optical wavenumber and the damping constant of the j-th
phonon mode, respectively.

2.3.2 IR spectroscopy of compacted nanopowder. To study
the optical properties of compacted nanopowder materials with
particle sizes much smaller than the wavelength, it is essential
to address their nanoheterogenous nature. This is usually
achieved by applying effective medium theories (EMTs), also
referred to as homogenization theories, which link the effective
permittivity of the heterogeneous material to those of its
constituents: the matrix and the inclusions. The Landau-Lif-
shitz-Looyenga (LLL) formula®® has shown to be highly applic-

able for binary systems with significant porosity,”®*”>% as it
accounts for percolation for all filling factors:*®
Phys. Chem. Chem. Phys., 2025, 27, 8498-8509 | 8501
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8eff1/3 :f‘8i1/3 + (1 _f)sml/S (3)

where f is the filling factor (fraction of the heterogeneous
material volume occupied by the inclusions), ¢.¢ the complex
effective permittivity of the heterogeneous material and, ¢, and
& are the complex permittivities of the matrix and the inclu-
sions, respectively. It is worth mentioning that in the specific
case of compacted nanoparticle materials, the nanoparticles
are understood as the inclusions, and the air surrounding them
as the matrix, so that & = exp and &, = &qr = 1.

Finally, the reflectivity at near normal incidence can be
computed from & ¢ applying Fresnel’s equation:

2.3.3 Kramers-Kronig analysis for permittivity retrieval.
Kramers-Kronig relations can be used as an alternative method
to retrieve the complex permittivity of a material based on the
experimental reflectivity spectrum.*® The complex reflection

coefficient is expressed in its polar form in the following way:
Fo) = p(@)"® = /R(@)e") (5)

Here p(w) and 0(w) are the magnitude and phase of the complex
reflection coefficient, respectively. By applying Kramers-Kronig
analysis a relation between p(w) and 6(w) is established:

0(w) = fLPJ:Oln‘S +odinlp()] ©)

S—w ds

where P is the principal value of the integral. Finally, the
complex refractive index 7i = n + ik can be obtained:

_ 1 — p(w)?
"1 p(0)2 = 2p(w) cos 0(w) (7a)
i 2p(w) sin O(w) (7b)

"1+ p(w)? — 2p(w) cos O(w)

which is directly related to the complex permittivity & = 7.

3 Results and discussion
3.1 X-ray diffraction

The XRD patterns of the five samples studied in this work can
be seen in Fig. 2. All samples present the peaks corresponding
to the FCC spinel structure, and no other peaks from other
oxides such as hematite are present. Due to the similar XRD
patterns of Fe;O, and the spinel y-Fe,O;, and the widening of
the diffraction peaks due to the nanoscale size of the crystal
domains, it is not possible to accurately determine which oxide
is present, or the composition of the mixture."”

For determining the cell structure and refining the cell
parameters the DICVOL04 method (also known as Louers
method) was applied, which is a procedure for the automatic
indexing of powder diffraction patterns based on the dichot-
omy principle.** The method was implemented using the
WinX"®"W software.** The refinement process indicated a
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Fig. 2 Diffractograms of the samples measured with a molybdenum Ko

source (4 = 0.71069 A). The reflections corresponding to the inverse spinel
cubic crystal structure was indicated by Miller indices.

consistent cubic crystal structure for all samples. The com-
puted cell parameters can be seen in Table S1 from the ESIL
together with the parameters of pure magnetite’” and the ideal
structure of fully disordered maghemite.>* The parameters of
the five samples lie in between the values of ideal Fe;O0, and
fully disordered y-Fe,O3, which was related in literature to the
coexistence of both oxides.*>**

Based on the information derived from the refinement,
the indexing of the peaks to the crystalline planes was
performed, as illustrated by their Miller indices in Fig. 2.
The (210) and (211) diffraction peaks have been previously
related to the presence of maghemite.*> In this case, these
peaks appear simultaneously in samples 40:120_L, 40:125_S
and 40:115_S_OAm, as can be better appreciated in Fig. S1
found in the ESI.f However, this presence is not sufficient or
useful to discern between a single oxide or a mixture of oxides.

3.2 Raman spectroscopy

Fig. 3 shows the Raman spectra for the five samples measured
with a laser wavelength of 4 = 633 nm. The typical room
temperature Raman spectrum of magnetite is characterized
by a high-intensity band corresponding to the A;, mode, found
at ~660-670 cm ', together with two low-intensity bands
corresponding to E; and T,4(3) modes, located around ~300
and ~530 cm ™, respectively. In the case of y-Fe,O3, the A
mode is located around ~710 cm !, blue-shifted compared to
that of Fe;0,4. A detailed discussion about the most accepted
interpretation of the Raman vibrational modes can be found in
the ESI, together with a table containing peak positions
(Table S2, ESIt), revealing that the position of the bands
corresponds to the ones expected for the A;; modes of Fe;0,
and y-Al,O;. In addition, these bands exhibit an almost purely
Lorentzian profile.

This journal is © the Owner Societies 2025
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Fig. 3 Baseline-corrected Raman spectra of the samples measured using
a laser wavelength of 2 = 633 nm.

Regarding our results, the prominent Fe;O, A;; mode cen-
tered around 665 cm ™" is present in all samples, appearing with
a relatively higher intensity in samples 40:120_S, 40:120_L and
40:115_S. The y-Fe,O;3 A;; mode appears more notably in
samples 40:125_S and 40:115_S_OAm, as a shoulder of the
Fe;04 Ay, and its presence is followed by a more noticeable
presence of the bands located around 380, 460 and 530 cm ™.
These bands can be related to the overlap of T,y(2) and T,4(3)
modes of magnetite and weak modes related to maghemite,>**®
although it is difficult to estimate considering the low signal-to-
noise ratio, especially in the sample 40:125_S.

To analyze in more detail the A, bands for both oxides, the
deconvolution of the peak structure was performed fitting the
660 and 710 cm™ " bands using pseudo-Voigt profiles for 4 =
514 nm and A = 633 nm Raman laser wavelengths (see Fig. 4). A
phase quantification attempt was recently reported based on
the ratio between the areas of the y-Fe,O; and Fe;0, A, bands
(A(710 em 1)/A(660 cm™")).”” However, the relative intensity
between these two bands for the same sample changes with
the Raman laser wavelength, as seen in Fig. 4, proving that
further standardization and a more robust analytical frame-
work is needed to improve these quantitative estimations. The
most prudent way to act in this case is to stick to the qualitative
interpretation. All samples present to a greater or lesser extent
the y-Fe,Oj; specific vibrational band at 710 cm™*. However, the
relative area of this band compared to the Ay, related to Fez0,4
changes from sample to sample, being more prominent for
samples 40:125_S and 40:115_S_OAm. This tendency is obser-
vable for both Raman laser wavelengths.

These results indicate that Fe;O, and y-Fe,O; coexist in all
nanoparticle samples, albeit to varying degrees. This could be
explained by partial Fe;O, to y-Fe,O; transformation, probably
caused by the exposition to atmospheric oxygen. Samples
40:125_S and 40:115_S_OAm exhibit a higher degree of trans-
formation, as the ratio between the y-Fe, O3 A;; band area to the
Fe;04 A band area is greater compared to other samples, for
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View Article Online

PCCP

(a) —— 40:120_S

Intensity (a.u.)
Intensity (a.u.)

40:125_S
n 40:125_S

T T
550 650 750 850
Raman shift (cm™1)

T
750

650
Raman shift (cm™1)

550 850

Fig. 4 Deconvolution of the Raman spectra of the samples using pseudo-
Voigt profiles. The spectra were measured using a laser wavelength of 1 =
514 nm (a) and 1 = 633 nm (b).

both Raman experiments. A greater presence of the y-Fe,O3 A4
Raman band for these samples could be explained by the
smaller particle size obtained using precursors with higher
content of oleate or with a different ligand (oleylamine). The
smaller size leads to a larger surface-to-volume ratio, and in
presence with oxygen a greater Fe;O, to y-Fe,O3 A;, conversion
occurs. This is in agreement with the more noticeable presence
of the bands at 380, 460 and 530 cm™ " in samples 40:125_S and
40:115_S_OAm.

3.3 IR spectroscopy

The reflectance results from 200 to 7000 cm ™" for all samples
can be seen in Fig. 5, together with insets highlighting the
zoomed-in section of the spectra from 200 to 1000 cm ™. At first
examination, all samples present a structure composed
of two main bands in the FIR (from 200 cm™" to 700 em ™),
followed by a pseudo-Christiansen wavenumber at ~780 cm™*
which is defined as the wavenumber in which the real part of
the refractive index of the material nearly matches that of the
surrounding air and the imaginary part of the refractive index is
small enough, producing a local reflectance minima. A mono-
tonic decrease of the reflectance is seen from 1000 cm
onward for all samples, which is qualitatively consistent with
studies for bulk samples.*®*° However, upon closer inspection
on the 200 cm™"' to 700 cm ™" spectral range (see insets), it is
easily noticeable that the two main bands are actually
composed by several smaller features, which will be examined
and discussed in detail further on this section.

The fit performed applying the model presented in Section
2.3.1 is represented by dashed line in Fig. 5. The modelization
and fitting procedure was done using FOCUS, a curve-fitting
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Fig. 5 Reflectance spectrum for samples 40:120_S (a), 40:120_L (b), 40:115_S (c), 40:125_S (d) and 40:115_S_OAm (e) are shown by solid lines. The
fitting curves obtained using the permittivity model presented in egn (1) and applying the LLL EMT formula (egn (3)) are represented by dashed lines.
Zoomed-in plots of the FIR range were included as insets to allow a detailed observation of the spectral features in that range.

software developed at CEMHTI-CNRS and available online.>
The imaginary part of the permittivity corresponding to the
nanoparticles, obtained by applying eqn (1), can be seen in
Fig. 6 (solid line). The filling factors used to link the effective
permittivity (e.¢r) to the permittivity of the nanoparticles (exp)
are: fio:120 s = 0.681 =& 0.006, f10:120 1 = 0.753 & 0.005, fig.115 s =
0.52 & 0.02 fi0:125 s = 0.730 £ 0.008 and fig.115 s oam = 0.607 &
0.006. The dispersion of filling factor values could be
affected by the organic ligand amount of the samples, particle
size and particle morphology, as all those factors affect their
compaction.

Spectroscopic deconvolution procedures featuring a high
number of fitting parameters are normally considered ill-
conditioned problems, as small changes of the initial values
may produce major alterations in the final results. This may
lead to several combinations of parameter values yielding the
same results. Taking into account that this challenge usually
arises in IR fitting procedures, it is essential to gather as much
prior spectral information as possible. Consequently, it is
possible to delimit the value of some fitting parameters, such
as the position and bandwidth of absorption bands, by refer-
ring to previous indexing works and theoretical studies.

Hence, in order to fit the absorption bands of the spectra,
the contribution of both Fe;O, and y-Fe,O; oxides was taken
into account as their presence was confirmed for all samples by
Raman spectroscopy. This choice is also supported by XRD
results, which show an intermediate cell parameter and the
presence of (210) and (211) y-Fe,O; peaks at small angles,
suggesting the presence of both oxides in all samples. For
modeling the spectral contribution of both oxides, 4 absorption
bands were used for each one of them, as stated by group

8504 | Phys. Chem. Chem. Phys., 2025, 27, 8498-8509

theory.”* The imaginary part of the permittivity bands corres-
ponding to Fe;0, and spinel y-Fe,O; phonon modes are shown
in Fig. 6, and the parameters used to build each permittivity
phonon band are shown in Tables 1 and 2. The widths of these
bands corresponding to the same phonon were chosen to
remain constant across all samples in order to constrain the
parameter space, with the band intensity adjusted to fit the
experimental spectra. Regarding the phonon bands related to
Fe;0,, their position was chosen based on previous published
works. 685233 The same approach was applied for assigning
the position of the absorption modes of spinel y-Fe,05.2%*%33
These constraints are required to avoid over-fitting the
spectra with an excessive number of parameters. Therefore,
although the model has a limited capacity to capture all
spectral features, it successfully reproduces the response of five
samples with a single set of parameters with values consistent
with literature ones.

Ishii et al. studied the lattice vibrations of Fe;O, using the
GF matrix method, and related the 4 phonon modes to the
following vibrational dynamics,>* listed from the lowest to the
highest energetic vibrational mode: the motion of the Fe-Fe of
the octahedral iron cations against the tetrahedral ones
(T14(1)), a bending vibrational mode of the O-Fe-O bond in
the octahedral coordinations (Ty,(2)), a stretching mode Fe-O
for the iron cations in octahedral coordination (T;,(3)) and
finally a stretching motion of the Fe-O bond in octahedral and
tetrahedral coordination (Ty,(4)).*** This interpretation was
extended to other ferrites such as y-Fe,0;.>*

Samples 40:125_S and 40:115_S_OAm clearly present more
intense Fd3m vy-Fe,O; vibrational bands when compared to
Fe;04 bands. This can be linked to a larger y-Fe,O; content

This journal is © the Owner Societies 2025
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The Drude—-Debye contribution and the Lorentzian functions used in the modelization are also shown.

Table 1 Phenomenological parameters of the phonon mode absorption
bands corresponding to FezO4

Table 2 Phenomenological parameters of the phonon mode absorption
bands corresponding to the spinel (Fd3m) model of y-Fe,Ox

Phonon mode Sample o (em™) 7 (em™) Ae Phonon mode Sample o (em™) 7 (em™) Ae
T1u(1) 40:120_S 238 193 1.51  Tyu(1) 40:120_S 204 193 0.68
40:120_L 234 193 0.40 40:120_L 196 193 0.23
40:115_S 236 193 3.54 40:115_S 203 193 2.37
40:125_S 244 193 0.39 40:125_S 201 193 1.21
40:115_S_OAm 235 193 0.32 40:115_S_OAm 196 193 2.28
Ti(2) 40:120_S 298 65 0.64 Ty(2) 40:120_S 388 65 1.00
40:120_L 301 65 0.20 40:120_L 390 60 0.41
40:115_S 296 65 1.76 40:115_S 374 65 0.76
40:125_S 299 65 0.28 40:125_S 384 65 0.37
40:115_S_OAm 300 65 0.61 40:115_S_OAm 385 65 1.44
T1(3) 40:120_S 353 47 1.05  Tu(3) 40:120_S 444 45 0.29
40:120_L 359 50 0.26 40:120_L 445 45 0.12
40:115_S 344 47 1.62 40:115_S 440 47 0.22
40:125_S 348 47 0.16 40:125_S 444 38 0.06
40:115_S_OAm 345 47 0.35 40:115_S_OAm 444 44 0.34
T1u(4) 40:120_S 573 55 0.60  Tyu(4) 40:120_S 551 45 0.26
40:120_L 586 58 0.27 40:120_L 561 47 0.25
40:115_S 564 47 0.58 40:115_S 549 47 0.08
40:125_S 583 47 0.11 40:125_S 553 47 0.16
40:115_S_OAm 582 47 0.33 40:115_S_OAm 555 47 0.53

in these samples, as seen also in Raman spectroscopy, which
can be related to a greater oleate concentration and the use of
OAm as surfactant. Regarding samples 40:115_S and 40:120_S,
the presence of vibrational bands corresponding to Fe;O, is
more significant in comparison with the Fd3m y-Fe,O; bands.
This is in agreement with Raman results, linking smaller
maghemite contents to these samples synthesized with smaller
oleate content. Finally, sample 40:120_L exhibits an anomalous
behaviour from the overall one observed in the other samples.
Taking into account the Raman data it can be said that the

This journal is © the Owner Societies 2025

relative maghemite amounts in samples 40:120_S and 40:120_L
are very similar. Therefore, the most probable explanation for
the lower conductivity of the 40:120_L sample is the decrease in
the intrinsic conductivity of the magnetite phase upon a longer
annealing. Moreover, only the T;,(2) and T;,(4) maghemite
bands are more intense than their magnetite counterparts.
According to literature, T;,(2) and T,,(3) modes of Fe;0, appear
at smaller wavenumber compared to the same modes of other
ferrites (T,(2) and T,(3) for y-Fe,03), as can be seen in our
results. A plausible hypothesis is that the delocalized electrons
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present in FezO, could screen the effective electrostatic
potential between octahedral iron cations and oxygen, produ-
cing a weaker interaction potential compared to y-Fe,O3, thus
lowering the resonance frequency of some vibrational modes.**

Furthermore, 4 additional phonon bands were included in
the fitting (see Fig. 6). Even though these bands are not as
intense as the previously described ones, their presence is
essential to correctly reproduce the subtle spectral features
found around 470-500 cm™ " and 620-680 cm ™, and they are
present in all samples with a lesser or greater strength. The
origin of these bands can be related to the symmetry lowering
of a structural model of y-Fe,O; with partial vacancy ordering.
Table S3 from the ESIf introduces more details about the IR
active modes of the space groups related to y-Fe,Os, showing an
increasing number of vibrational modes with decreasing crystal
symmetry. This change of symmetry induces new modes linked
to the P4,32 structure that are activated by the new selection
rules. This structure has 18 modes, although in our case only
the most intense of the new ones were detected. Moreover,
Pecharroman et al. found that the high frequency bands located
around 620-680 cm ™' only appeared for partially or totally
ordered y-Fe,O; samples.”* These additional bands present a
relatively low intensity compared to the bands related to Fe;O,
and Fd3m y-Fe,0; for all samples, which is probably correlated
to the low degree of vacancy ordering.

Even if IR spectroscopy is usually applied qualitatively,
thanks to data treatment procedures that allow permittivity
extraction, the quantification of certain properties can be
achieved. In this case, the permittivity of the nanoparticles
(exp) is related to the conductivity of the samples by the
following equation (in Gaussian units):>

enp(w) = e + 4Xnio—(w) 9)

where o is the wavenumber and ¢ the optical conductivity. In
this manner, the DC conductivity of the samples ap¢c = 6(0) can
be quantified, as represented in Fig. 7. Fe;O, conductivity
values reported in the literature span a wide range from 10°
to 10° Q' m™ ', depending on factors such as temperature or
purity.’®” The samples studied in this work present a lower

B 40:115 S
4000 B 40:120 S
40:125 S
- m 40:120 L
3000+ -
s 40:115 S OAm
7
€ 2000
]
)
1000+
o R

Fig. 7 DC conductivity of the samples computed from an extrapolation to
zero frequency of egn (9).
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conductivity value, due to the electrical insulating nature of
v-Fe, 03, found in all cases.

Regarding conductivity results, it is important to highlight
that the samples showing the most intense magnetite-specific
absorption bands in relation to the maghemite-specific ones
(40:120_S and 40:115_S) are those with the highest DC con-
ductivity values. In contrast, the samples presenting the
lowest conductivity values are related to more prominent
maghemite-specific absorption bands (40:120_L, 40:125_S and
40:115_S_OAm). This relation is supported by the results
obtained by Raman spectroscopy, where samples 40:125_S
and 40:115_S_OAm showed the most intense y-Fe,0; A;, band.
Considering this, it can be noted that, based on the conductiv-
ity values obtained from IR modeling, the samples with a
greater y-Fe,O3 proportion can be easily distinguished from
those showing a lower content. Specifically, for samples
40:115_S, 40:120_S and 40:125_S an increase in oleate concen-
tration during synthesis corresponds to a decrease in DC
conductivity. Moreover, for different synthesis procedures
(longer annealing time in the case of 40:120_L and the use of
OAm as surfactant in the case of 40:115_S_OAm), the conduc-
tivity is further reduced. These decreases in conductivity can be
attributed largely to higher maghemite contents, although the
precise mechanism behind this correlation is beyond the scope
of this paper.

Finally, the real and imaginary parts of the effective permit-
tivity corresponding to the sample pellets can be seen in Fig. 8
(dashed lines), together with the Kramers-Kronig transform
results derived directly from the experimental spectra (solid
lines). Among all samples, the data related to those showing the
best and worst overlap has been plotted (samples
40:115_S_Oam and 40:115_S, respectively). The spectra have
been plotted from 200 to 7000 cm™ ", as corresponding to the
experimental spectral range, and from 0 to 1000 cm™ ", high-
lighting the details of the curves in the range where the
absorption bands are located.

The Kramers-Kronig analysis aligns well with the model
over the whole MIR range for all samples. Regarding the FIR
range, while the overall tendency of the curves is well repli-
cated, there is a slight discrepancy in the values, especially for
samples 40:115_S and 40:120_L, and a small deviation observed
for sample 40:120_S. Nonetheless, aside from these subtle
differences, our model reflects well the spectral structure and
behaviour shown by the Kramers-Kronig analysis. Examining
the Kramers-Kronig spectra in more detail, the detailed spec-
tral structure related to the additional bands is noticeable
around 470-500 cm ' and 620-680 cm !, supporting the
decision to include them in the model. This structure is more
evident for samples 40:120_L and 40:115_S_OAm, agreeing
with the fact that additional band intensities in the model
are stronger for these samples.

In general, a good overlap is achieved for all samples, which
enhances the plausibility of the model and indexation
proposed in this work. These results, together with the consis-
tency of a unique parameter set employed to model the optical
behavior of all the samples, illustrate the significant reliability

This journal is © the Owner Societies 2025
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Fig. 8 The real and imaginary parts of the effective permittivity of the
samples computed using Kramers—Kronig analysis (solid lines) and
obtained from the modelization (dashed lines), the best overlap was
obtained for sample 40:115_S_Oam (FIR (a) and MIR (b)), and the worst
for sample 40:115_S (FIR (c) and MIR (d)). The comparisons corresponding
to the other samples can be found in Fig. S2 of the (ESI¥).
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of the proposed methodology. Taking into account that the
Kramers-Kronig analysis propagates the effect of small discre-
pancies to the whole spectral range, this comparison serves as a
cross-check, and the agreement between both approaches
reinforces the reliability of the fitting results.

4 Conclusions

This study demonstrated that IR spectroscopy-based methodol-
ogies show promise to retrieve detailed optical and structural
insights about mixed magnetite-maghemite nanoparticles. The
permittivity of practical-use samples was successfully extracted
by fitting the reflectance spectra combining a permittivity
model for conducting oxides, a effective medium theory applic-
able to high porosity systems and a precise band-indexation
based on group theory and literature studies. The reliability of
the model was tested by a comparison of the effective permit-
tivity obtained and that derived using Kramers-Kronig analysis,
for which a good overlapping was achieved. In addition, the
same band parameter set was employed to model the spectral
behavior of the different samples, kipping the width of the
bands constant. This ensures consistency of band shape among
samples, and strengthens the methodology.

By applying this approach, the presence of both magnetite
and maghemite was confirmed for all samples, as phonon
bands related to both oxides needed to be included to accu-
rately model the spectra. These findings corroborate the results
obtained by Raman spectroscopy, and agree with the cell
parameter computations from XRD experiments, as the derived
cell parameter values lie in between those of pure Fe;0, and ideal
spinel y-Fe,O;. Additionally, absorption bands related to the cation
vacancy ordering in the maghemite lattice were identified, allowing
the discrimination between two possible structural variants of
maghemite. This proves that a combination of IR spectroscopy
and an adequate modeling procedure could reveal detailed struc-
tural information about iron oxide nanomaterials. Furthermore, a
quantitative estimation of the optical conductivity was also
achieved, revealing that samples with a higher presence of magne-
tite, as indicated by more intense magnetite-specific absorption
bands, show higher conductivity values.

New characterization techniques, along with the develop-
ment of novel methodologies, are crucial for supporting the
synthesis and application of novel magnetic nanomaterials. In
this context, IR spectroscopy-based methodologies offer
researchers the opportunity to obtain detailed compositional
and structural information of nanoscale ferrites, while having
the advantage of being widespread, easy-to-use and accessible.
Regarding future perspectives, the methodology presented in
this work could serve as a base for advanced analysis and phase
quantification, which remains a relevant challenge.
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