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ABSTRACT: A set of Sm-doped iron oxide magnetic - n@Fe0,
nanoparticles (Fe,O, NPs) of different sizes as an example of N\ theory vanegml " E-Jor Ly G
ferromagnetic NPs at room temperature was synthesized by \ s \
microware-assisted methods. Powder X-ray diffraction and g . j sss 222
transmission electron microscopy showed Fe,O, NPs with an — “U. ‘e e el TR
inverse spinel structure. Mossbauer and X-ray absorption |., |+ & ®© :I 1P N —
spectroscopy (XAS) were used to study the local atomic and e ) ! b - a 541
electronic structure of iron in the NPs. Linear combination of 5 i ot i e, nnd e
XAS spectra of reference iron oxides failed in reproducing the |~ '+ /™~ = F"i ad
spectra of Fe,O, NPs [Piquer, C.; et al. ]. Phys. Chem. C 2014, / S - sed o232 See
118, 1332—1346]. We attribute this fact to the nonstoichio- ) s ’e
metric distribution of tetrahedral, T4*, and octahedral, Oy*" " ) ) 23 sse ooe
L v — - @ Frr T 1]

and O,*, sites in NPs compared to bulk references. This
distribution was successfully reproduced by linear combination
of theoretical XAS spectra obtained for clusters where iron was in T,;**, 0,*, and O,** defined oxidation and symmetry states.
This approach allowed us to obtain the quantitative speciation of the fraction of T4**, O,**, and O,* sites as a function of the
different size of the Sm-doped Fe,O, NPs based on the XAS data. In contrast to the standard XAS reference compounds analysis
where experimental spectra fits are hmlted to constant T4**/0,*" and T4**/0,,**/0,** ratios and to Mdssbauer spectroscopy that
requires liquid helium temperatures, the proposed method opens a new possibility to quantitatively estimate the amount of each
independent inequivalent iron site in terms of symmetry and oxidation state at room temperature.

1. INTRODUCTION latter work reports no apparent cytotoxicity for chemically

Small Fe,O, nanoparticles (NPs) have demonstrated their stable y-Fe,0;, whereas NPs containing ferrous and zerovalent

unique propertles for biomedical applications,” as contrast
agents for magnetic resonance tomography,?’ * carriers for target
drug delivery, and active centers for hyperthermia.””’ Rare for the cell membrane.
earth doping improves the magnetic properties of the NPs. The
Gd-doped Fe,O, NPs showed higher values of the specific NPs in cells and tissues could be a crucial step to understand

iron were cytotoxic. The effect can be related to the generation

of reactive oxygen species or to the strong affinity of the NPs
14

In vitro characterization of the structural dynamics of Fe,O,

power absorption rate compared to the superparamagnetic the origin of Fe,O, NPs toxicity in biomedical applications.
undoped samples,® whereas Eu- and Sm- doped Fe,O, NPs were Such studies could significantly benefit from the method
ferromagnetic even at room temperature Both bulk strain addressing the nonstoichiometry and Fe sites speciation in
effects'® and surface characteristics'' have a strong influence on Fe,O, NPs. Whereas room temperature could be essential for
the magnetic properties of NPs. Proper surface functionaliza- in vitro studies, spatial distribution could give additional
tion ensures biocompatibility and stability'* because uncoated
magnetite Fe;O, can be easily oxidized, generally resulting in Received: December 29, 2017
the loss of magnetism and dispersibility. The oxidation state of Revised:  March 16, 2018
surface iron atoms influences the cytotoxicity of the NPs."* The Published: March 22, 2018
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information on the origin of Fe,O, NPs toxicity in different cell
compartments. The X-ray absorption near edge structure
(XANES) spectroscopy is an appropriate tool that can be
extended from the usual macroscopic XANES to ;-XANES that
is capable of studying the distributions of NPs in the cells and
tissues and of fine analysis of structural dynamics.

Proper phase characterization of the small Fe, O, NPs at
room temperature is a challenging task. Magnetite and
maghemite have similar magnetic values of 90 and 83.5
emu/g, respectively, which make it difficult to distinguish these
two phases by magnetic characterization.'” When dealing with
crystalline materials, the X-ray diffraction (XRD) is generally
applied as the most common method. However, having a cubic
spinel-type crystal structure with similar cell parameters,'®”"*
magnetite and maghemite NPs cannot be distinguished from
each other by standard X-ray diffraction technique; the
correlation between their diffraction profiles is higher than
99%.'” In some cases, more complex analysis of diffraction data
allows obtaining additional information on the size and shaope
of the NPs by using a pair distribution function approach.”

Complementary techniques are being applied for phase
discrimination in Fe,O, NPs. Raman szpectroscopy,21 Fourier
transform infrared s};ectroscopy,g’n_ > and X-ray photo-
electron spectroscopy”"** are among them. A number of
studies shows the advantages of Mossbauer spectroscopy in
distinguishing magnetite and maghemite phases.'"**™*’
XANES technique, being sensitive to the oxidation state of
the absorbing element in general’’~*” and Fe in particular,”®*
can be applied to distinguish magnetite from maghe-
mite,””**™" both of which have iron atoms in the average
oxidation state of 2.67 and 3, respectively. The corresponding
XANES spectra of these phases differ in the energy of the
absorption edge by about 2 eV and in the intensity of the white
line."" However, a more detailed analysis of the XANES data'
shows that a linear combination of two bulk phases cannot be
an adequate approach for modeling the structure of small NPs.
In the present work, the Sm-doped Fe,O, NPs have been
chosen as an example for particles with ferromagnetic
properties at room temperature that are under discussion for
medical applications. We use the local atomic probes for the
characterization of Sm-doped Fe, O, NPs with different sizes,
including XANES and Mossbauer spectroscopy. These
methods were successfully applied together to analyze the
local atomic and electronic structures of Fe.**** Using
theoretical simulations, we extend the analytical power of the
method toward concentration of given iron positions in the
sample, including Fe*" and Fe** in T4 and Oy coordination.
This approach is more appropriate for small NPs, which cannot
be described as a superposition of crystalline phases of iron
oxide references.

2. EXPERIMENTAL AND THEORETICAL METHODS

Ethylene glycol, SmCl;, FeCl;, NaOH, poly(ethylene glycol),
and triethylene glycol (all Sigma-Aldrich) were used as starting
substances. Three Sm’"-doped materials were prepared via
microwave-assisted (MW) polyol method by the following
procedure: FeCl; (0.4 mM) and SmCly (12.47 umol) were
dissolved in glycol. Then, 1 M glycol NaOH solution was
added. The solution was purged with argon for 10 min. The
mixture was heated in a MW reactor (Discover SP, CEM) for
1.5 h at 220 °C. After cooling to room temperature, the black
precipitate was washed several times with ethanol and
deionized water and collected with a magnet. The suspension
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was treated in a vacuum oven at 50 °C to give a dry powder.
The samples prepared using ethylene glycol, poly(ethylene
glycol), and triethylene glycol are named in the following as
samples I, II, and III, respectively. Sample IV was prepared by
modified microwave-assisted co-precipitation in organic media
as described elsewhere.*>*’

Transmission electron microscopy (TEM) images were
acquired using a G2 Spirit BioTWIN (Tecnai) microscope
operated at an accelerating voltage of 80 kV. The X-ray
diffraction (XRD) patterns were obtained using a Bruker D2
Phaser with Cu Ka-radiation (1 = 1.5418 A). The Scherrer

formula (p = “_ where p is an estimated crystalline size, K

X
cos O X b
= 0.92 is the Scherrer constant for spherical particles, 4 is the
wavelength of the radiation, 0 is the Bragg angle, and b is the
additional contribution to the integral broadening in
radians)** ™ was applied to the 220, 311, 400, 422, 511, and
440 reflections on the XRD patterns to estimate crystallite sizes.
The Fe K- and Sm L;-edge XANES spectra were measured at
the SUL-X beamline (ANKA),”' where the Si(311) double
crystal monochromator was preferred to the Si(111) equivalent
to increase the energy resolution. All the measurements were
performed under air conditions at room temperature. The
standard data reduction was performed using the Athena
code.” A detailed description of the measurement conditions is
given in the Supporting Information.

The magnetic properties of the samples were measured at
room temperatures by a LakeShore vibrating sample magneto-
meter model 7400. The Mdssbauer spectra of synthesized iron
oxide powder samples were acquired with a MS1104Em
spectrometer equipped with a helium cryostat CCS-850. *"Co
isotope in a Cr matrix was used as a source of y-radiation.
Quantitative analysis of the spectra was performed using a
SpectrRelax software.” The isomer shifts were determined
relative to metallic a-Fe.

The XANES simulations have been performed by means of
the finite difference method implemented within a FDMNES
program package.**™*° The radius of the cluster for calculation
was equal to 7 A and 0.2 A interpoint distance was used for the
grid construction. The atomic structure for different Fe sites
was taken from the crystallographic data without further
modifications. The finite difference method is a reliable
approach to simulate XANES above the 3d metal K-edges,
but it relies on the one-electron approximation. The crystal field
splitting can be properly accounted in the one-electron
approach,” but not the absolute energy position and multiplet
effects in the localized 3d shell’® Therefore, we have
intentionally excluded the pre-edge region from the comparison
between theory and experiment and the fit index was calculated
for the energy range 7120—7160 eV (Figures S2 and S3 marked
by light green).

3. RESULTS AND DISCUSSION

The influence of the length of polyol chain on the particle size
and mechanism of the NPs formation and growth is still poorly
understood. However, the choice of the type of polyol is a
critical to obtain well-defined NPs with the desired diameter
and a narrow particle size distribution.”” Formation of the
magnetite phase occurs in the process of particular reduction of
Fe’* to Fe’* by polyol molecules and successive co-
precipitation reaction in the alkaline media.”

3.1. Transmission Electron Microscopy and X-ray
Diffraction. The TEM images of the as-synthesized Sm-
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Figure 1. TEM image for Sm@Fe, O, NPs samples I—-IV. Scale bar is S0 nm. The insets report the corresponding electron diffraction pattern.

doped Fe,O, NPs were used to calculate the particle sizes, and
show a decreasing size of the NPs from samples I-IV, with
samples II and III having similar particle sizes (Figure 1). The
X-ray diffraction (XRD) measurements were performed for all
the samples to confirm the crystalline structure of the formed
NPs. The XRD patterns (Figure S1) demonstrate an inverse
spinel structure. All the peaks are indexed to cubic Fe;O, and y-
Fe,0;. No FeO and a-Fe,O; peaks are found in the XRD
patterns, indicating that all the samples have a Fe;O,/y-Fe,0;
structure. Table 1 shows the average crystalline size obtained by

Table 1. Average Crystal Size Estimation”

XRD crystal size (nm) TEM (nm)
sample I ~20 28.6 + 12.4
sample II ~14 13.7 £ 52
sample IIT ~15 14.6 + 4.3
sample IV ~7 74 + 14

“Second column: average particle size determined by applying the
Scherrer equation to different Bragg reflections. Third column: mean
value and the corresponding half-width at half-maximum of the particle
size distribution determined in the TEM study.

the TEM statistics and by applying the Scherrer formula to the
XRD patterns. It is clearly seen from both methods that the
largest NPs (sample I, size above 20 nm) were synthesized
using the shortest polyol chain; NPs synthesized using longer
polyol chains—poly(ethylene glycol) (sample II) and tri-
ethylene glycol (sample III)—showed an average size of about
1S nm. The results of the polyol synthesis are compared with
modified microwave-assisted co-precipitation synthesis in the
organic media. In the latter approach, an average size of NPs
was 7 nm (sample IV).
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3.2. Mossbauer Spectroscopy. The iron oxide NPs
exhibit a superparamagnetic behavior, ie., its magnetization
vector can spontaneously reverse the orientation.’’ The
relaxation time has an exponential temperature dependence 7,
= 7,eX"/bT where 7, is typically in the range 107°—107"% s, K is
the magnetic anisotropy constant, V is the particle volume, kg is
the Boltzmann’s constant, and T is the temperature. Below the
so-called blocking temperature (T5), when 7, is long compared
to the Mdssbauer measurement time (7,,), the magnetically
split spectra are obtained.””®* Above Tp, the magnetic
structure of MdJssbauer spectrum collapses into two para-
magnetic lines. Moreover, the magnetic hyperfine field values H
decrease much faster with increasing temperature.”* This
phenomenon is explained by thermally excited oscillations of
magnetization around an energy minimum. The collective
magnetic excitations due to superparamagnetic relaxation can

be described by H(T) =H0(1 - %), where H, is the

hyperfine magnetic field at zero temperature and its value is
usually taken as that of the bulk materials.> Thus, the
superparamagnetism makes the identification of the iron oxide
phase by means of Mdossbauer spectroscopy at room temper-
ature complicated, if not impossible. For example, the room-
temperature MG0ssbauer spectra of hematite,* goethite, and
maghemite”” NPs <20 nm in size are the doublets with equal
parameters.

Figure 2 shows the Mossbauer spectra for samples I-IV with
parameters’ sizes listed in Table 2. The spectrum of sample I
consists of a doublet and three sextets. The doublet component
is connected to superparamagnetic NPs whose phase cannot be
revealed at room temperatures. The absence of Zeeman
splitting of the doublet component is explained by super-
paramagnetic properties of the NPs with sizes $—20 nm.""*"%°

DOI: 10.1021/acs jpcc.7b12797
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Figure 2. (a) Room-temperature experimental Mdssbauer spectra (circles), fitted spectra (black curves) with individual contributions from different
sextets and doublets (gray curves) and difference between theoretical and experimental spectra (black, curve) of sample I. (b—d) as (a) for samples
II, 111, and IV, respectively.

Table 2. Quantified Parameters of the Mdssbauer Spectra”

samples

I

I

I

v

v

T (K)

300

300

300

20

300

component

D
S1
S2
S3
D
S1
S2
D
S1
S2
Al
A2
D

8 +0.02 (mm/s)

0.35
0.31
0.56
0.50
0.33
0.30
0.57
0.33
0.30
0.60
0.43
0.47
0.34

& +£0.02 (mm/s)

0.75
0.01
—0.06
0.12
0.69
0.00
0.00
0.70
—0.02
0.01
—0.04
0.01
0.73

H +5 (kOe) G +0.02 (mm/s) S £5 (%)

0.56 14
484 0.52 33
453 0.72 30
417 1.39 24

0.58 79
486 0.33 6
449 0.95 15

0.68 58
484 0.31 11
451 0.73 31
493 1.10 63
519 0.72 37

0.95 100

Fe state

SPM
Td3+
Oh3+/2+
Oh3+/z+
SPM
Td3+
Oh3+/2+
SPM
Td3+
Oh3+/2+
Td3+
Oh3+
SPM

s

3.088

1.400

4.923

2.811

2.267

“5—isomer shift, e—quadrupole splitting, H—effective magnetic field on *’Fe nuclei, G—linewidth, S—area of the components in spectrum, y*—

Pearson’s criteria, SPM—superparamagnetic phase.
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The Zeeman sextets S1—S3 can be fitted with parameters close
to the crystalline magnetite®” and may be related to Fe T¢** and
0,>*/** configurations. Thus, S1 corresponds to Fe>* ions in a
tetrahedral oxygen coordination. The S2 and S3 correspond to
iron ions averaged due to Vervey exchange with a formal
valence Fe™*' in octahedral coordination. Different isomer
shifts and effective magnetic fields in S2 and S3 sextets are
explained by the fact that these sextets are related to NPs with
different sizes.

Spectra for samples II and III were fitted with two Zeeman
sextets S1 and S2 and a paramagnetic doublet. Similar to the
previous discussion, the doublet component corresponds to the
superparamagnetic NPs and the sextet components to Fe Ty
and O,>*/?* configurations. However, the concentration of
superparamagnetic NPs is higher than that in sample L
Mossbauer spectrum of sample IV at room temperature
consists solely of a doublet related to the superparamagnetic
NPs. Figure 3 shows a spectrum of the same sample measured

100

w
w
|

Transmission, %

v, mm/s

Figure 3. Méssbauer spectrum (circles), fit (curve) with individual
contributions from different sextets (curves) for sample IV measured
at 20 K.

at 20 K, which has already two Zeeman sextets. Al sextet
reveals a smaller isomer shift and corresponds to Fe T4** and
A2 sextet corresponds to Fe Oy*". Area of Al component is
almost twice as large as the area for A2 component. This fact is
attributed to the high amount of Fe vacancies in B-position
(magnetite has a typical spinel structure A**B,**0,>”, where A
positions have an octahedral coordination, whereas B position
can be in both octahedral or tetrahedral coordinations; Figure
4a).°® Moreover, isomer shifts for tetrahedral and octahedral
environments of Fe* at 20 K are equal to 0.4 and 0.5 mm/s,
respectively.”” The isomer shift for octahedral A2 sextet is
smaller, which is probably related to oxygen vacancy formation.

3.3. Fe K-Edge XANES Spectroscopy. The Sm L,-edge
that is only 200 eV above the Fe K-edge imposes obvious
limitations on the Fe extended X-ray absorption fine structure
(EXAFS) analysis for Sm-doped samples and restricts analysis
to XANES part of the spectra. Figure 4b shows the Fe K-edge
XANES spectra of samples I-IV, which are quite typical for
inverse spinel Fe,O, NPs"” and somehow are in between of
reference spectra of bulk magnetite and maghemite (Figure 4c).
The latter was attributed to a single-phase nonstoichiometric
oxide with a cell parameter lying between the pure
stoichiometric magnetite and maghemite." There is an obvious
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shift in the absorption edge to a higher energy in the spectrum
of sample IV compared to the spectra of samples I-III,
suggesting a higher average oxidation state of iron atoms in that
sample, which can be connected to a higher surface-to-volume
ratio in small NPs.

Linear combination fits were performed for the experimental
spectra of samples I-IV using Fe;O, and y-Fe,O; as references.
The trend of higher amount of y-Fe,0; phase in smaller NPs is
evident. However, the fit results are quantitatively worse than
expected for a linear combination fit. We attribute this fact to a
nonstoichiometric phase in Fe,O, NPs, making the bulk Fe;O,
and y-Fe,0; as references nonrepresentative models of the local
environment of iron in our samples. Small Fe,O, NPs doped
with rare earth elements have a high surface-to-volume ratio,
which could destroy charge ordering. On the other hand, the
oxidation rate of small Fe,O, NPs is quite high, leading to
higher number of defects. Therefore, the model, which is
appropriate for bulk samples, is not fully applicable for NPs. It
has already been shown that the linear combination analysis is
not valid for small iron oxide magnetic NPs." To address this
problem, we apply theoretical calculations to extract separate
spectra for tetrahedral and octahedral sites of iron in magnetite
and use them for the fitting.

The bulk structure of magnetite above Verwey transition is
known for a period of more than a century;71 however, a
detailed information on the ground state of the low-
temperature phase has been eluded.”” After quite a number
of studies,”>™”° a “trimeron”-based charge ordered structure
with a number of inequivalent iron sites has been recently
proposed.80 For room-temperature experiments, we use a
simple approximation with only three inequivalent sites of iron
in the structure of bulk Fe;0, and corresponding NPs: (i) Fe**
with four oxygen neighbors in tetrahedral coordination (T4*");
(ii) Fe** with six oxygen neighbors in octahedral coordination
(0,*); and (iii) Fe** with six oxygen neighbors in octahedral
coordination (O,**). The fact of considering two different
oxidation states is not trivial. At room temperature (above
Verwey transition point), there is a fast charge hoping between
octahedral sites. Therefore, the average oxidation state for iron
in O, position is expected to be O,>*, a fact observed in
Mossbauer spectra. In contrast, Fe 1s core hole relaxation
process is faster (107" 5);* thus, for XANES spectroscopy, the
model with two sites O}, O,>* is more preferable than O,***.
We consider that O,**, O,** sites have the same atomic
structure, but due to different electronic configuration, the
position of absorption edge of O},*" is shifted to higher energies
(see Figure 4d).

The starting point of the analysis was a y-Fe, O3
(maghemite). In this compound, the Fe ions occupy two
inequivalent sites: T4** and O,>*. Theoretical spectra simulated
for tetrahedral and octahedral sites were summed up with a 1:1
ratio and energy position of the absorption edge was fitted
(Figure 4c). The criteria for the quality of the fitting procedure
was the R, ie, an integral over the XANES energy range
(7120—7160 eV) of the squared difference between exper-
imental spectrum and fit normalized by an integral of the
squared experimental spectrum.

Then, the energy shifts for theoretical spectra of T4** site
were frozen and both Oy spectra were added into fitting
procedure; however, the superposition was calculated for three
spectra: T*:0,°":0,>" with a weight coefficient 1:1:1 for the
reference Fe,0,. Based on such a fit, a shift between O;** and
O,’" spectra was estimated, resulting in a relative energy shift of
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Figure 4. (a) Atomistic representation of tetrahedrally and octahedrally coordinated Fe ions. (b) Experimental and theoretical fit spectra samples I—
IV. (c) Experimental and theoretical fit spectra for reference Fe;O, and y-Fe,O; model compounds. (d) Theoretical spectra for T**, 0;**, and O,

Fe sites, used in the fit procedures.

3.2 eV. Using such an approach, we deduced the theoretical
XANES spectra and the chemical shift for three inequivalent Fe
sites in inverse spinel iron oxide (Figure 4d). In the next step,
the chemical shifts were fixed and the fitting procedure was to
search the concentrations of inequivalent iron sites in samples
I-IV. The results of inequivalent site concentration fit are
compared to the XANES phase concentration fit and
Mossbauer data (Figure S). The Fe K-edge XANES phase
concentration fits for samples I-IV are given in the Supporting
Information.

The XANES experiment reference spectra linear combina-
tion fit is sensitive to y-Fe,O; and Fe;O, phases. In this case,
the inequivalent sites population is calculated taking into
account that there are 1:1 T*/0,>" sites in ideal y-Fe,O; and
1:1:1 T&/0,*/0,* sites in ideal Fe;O, and thus the
population of Tg** and O,* configurations would be always
equal. The XANES fit using experimental reference spectra is
justified and well-working when the chosen references are
representative of the iron spices present in the unknown
material, otherwise they will fail or even provide misleading
results. This can be the case for nonstoichiometric systems.
Room-temperature Mdssbauer spectroscopy for superparamag-
netic NPs also has a limitation in differentiation of the charge
state in the octahedral position. The approach that we suggest
in this study is sensitive to both inequivalent atomic positions
and charge states and could provide additional information on
the inequivalent site populations.

Such an approach tends to show a higher tetrahedral site
population for Fe, O, NPs compared to standard experimental
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g
2
g
40
2
7]
B Fe™ T
20 2
0
FoE S LSy S
R IR R T
R A A Al
& Wy ¥y +°

8548

Figure 5. Population histogram of inequivalent sites of Fe in Fe,O,
NPs based on results of XANES experiment reference fit, room-
temperature Mdssbauer for samples I-III, 20 K Méssbauer for sample
IV and XANES theory fit.

reference spectra fit and room-temperature Mdssbauer data. All
the methods show an increase in the Fe oxidation state and in
the amount of tetrahedral sites in small NPs.

3.4. Sm L3;-Edge XANES Spectroscopy. Figure 6 shows
the experimental Sm L;-edge XANES spectra for samples I-IV
compared to reference Sm,0;. The spectra for all the samples
are quite similar and reveal the Sm®" oxidation state. However,
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Figure 6. Experimental Sm L;-edge XANES spectra of samples I-IV
compared to reference Sm,0;.

there are some differences in the intensity of the white line peak
A and a slight shift of peak C. The comparison of the series of
XANES spectra collected for samples I-IV with that of Sm,0;
reference evidences three main peculiarities: (i) the increase in
the white line intensity, (ii) the decrease in B peak intensity,
and (iii) the red-shift of C peak accompanied by a slight
increase in intensity. The oxidation state of Sm could be
addressed based on the analysis of white line intensity. Indeed,
the white line intensity increase is indicative of a higher
oxidation state of the Sm atoms in NPs. Particularly, white line
intensity for sample I is higher compared to other samples,
which implies the higher oxidation state of the Sm in sample L
However, there is no straight correlation between the Fe and
Sm oxidation states, as the white line intensities for samples II—
IV are almost the same. The interplay of all the peaks intensities
could be attributed to the phase composition changes. Peak C
in the Sm-doped Fe,O, NPs samples is shifted in the energy
relative to Sm,0;. According to the Natoli’s rule,*” the Sm—O
distances in the Sm-doped Fe, O, NPs are thus larger than those
in Sm,0;. However, a more quantitative EXAFS analysis of the
Sm—O distances is not possible due to the overlapping of the
EXAFS oscillations above Sm L;-edge and Fe K-edge at 7112
eV, but qualitatively, the Fourier transformation using the
EXAFS data up to k 8.5 shows Sm first shell peak positions for
the samples at higher R values than for Sm,0; (Figure S6, not
phase corrected), hence in agreement with the conclusions
from the shift of peak C. The higher Sm—O distance in the Sm
Fe, O, NPs than in Sm,0; (2.355 A, 6-fold) compared with the
average Sm—O of 2491 A of 8-fold Sm in samarium
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orthoferrite (SmFeO;) could indicate a higher Sm coordination
also in the Fe, O, NPs (for more details see the Supporting
Information).

Based on the reagent loading the Sm content should be
about 5.5—5.7 wt %. If the content of Sm is in the range 5—10
wt %, Sm,0; or SmFeO; mineral phases should have been
detectable with the XRD as long as they are assumed to be
crystalline. If no Sm,0; or SmFeO; has been found with the
XRD, then either the amounts of Sm mineral phases are too
low, or they are not crystalline, or Sm is indeed absorbed or
incorporated in the Fe,O, NPs. Because there are differences in
the spectral shape of Sm L; spectra from NPs and Sm,0;, we
would exclude that all the Sm is present as Sm,0Os.

Specific absorption rate (SAR) is related to the heat losses of
the Fe,O, NPs in alternate electromagnetic field. It is
proportional to the hysteresis loop area of the magnetic
nanoparticles.”’ Therefore, SAR can be improved by increasing
the saturation magnetization (M) and the coercive field (H.) of
the magnetic nanoparticles. In general, the room-temperature
saturation magnetization decreases along with nanoparticle size
and is in general low for iron oxides, which makes the
anisotropy variations for the nanoparticles a promising
approach to increase the H_ value of the hysteresis loop and
improve the SAR.**

By comparing the magnetic properties of the sample with the
largest particles (sample 1) and smallest particles (sample 4),
we see a change from ferromagnetic state to superparamagnetic
state. The value of the H, and M,/M; are close to the nano-
octopods with similar size distribution.”* This fact can be
explained by the nonspherical shape of our nanoparticles, which
increases the coercitivity value from spherical ones.

Our results for the Fe®*/Fe?" distribution support Hiemstra’s
surface-depletion model in terms of the location of disorder and
the variations of Fe* and Fe®* occupancies with size, similar to
ferrihydrite.*®

4. CONCLUSIONS

A set of Sm-doped Fe,O, NPs of different size was synthesized
by varying the polyol chain length in the microwave-assisted
polyol method and compared to the small NPs synthesized by
modified microwave-assisted co-precipitation in organic media.
The XAS analysis confirmed the Sm*" oxidation state in Sm-
doped Fe,O, and elongated Sm—O distances compared to
Sm,0;. The average oxidation state of iron in different samples
was determined by means of standard linear combination fit of
Fe K-edge XANES. We showed that the reconstruction of the
XANES spectra using a linear combination of experimental
spectra obtained from model compounds is a powerful
technique to obtain a quantitative analytical speciation, which,
however is not fully applicable for small NPs due to the
nonstoichiometric concentration of tetrahedral and octahedral
iron positions relative to bulk y-Fe,O; and Fe;O, references.
Therefore, another set of appropriate references should be used
for the fit, which is not generally available. We showed that this
drawback can be overcome using the theoretically calculated
XANES spectra for specific octahedral and tetrahedral sites in
Sm-doped Fe,O, NPs without restriction on their stoichiom-
etry.

Quantification of the amount of Fe in T*/0,%/0,*"
configurations was performed by means of two independent
approaches—Mossbauer and theoretical calculation of Fe K-
edge XANES. These methods show that the smallest NPs are
oxidized stronger and all the NPs in general contain a larger
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amount of tetrahedral Fe®* sites compared to bulk Fe;O,. This
amount of tetrahedral Fe® is underestimated by linear
combination fit when bulk Fe;O, and y-Fe,O; are used as
references. Additionally, we showed the advantage of XAS over
M@ssbauer for in vitro studies that require room temperature.

The approach of quantifying the local atomic structure of
nanoparticles, as we have demonstrated here for Sm-doped
Fe,O, NPs by reproducing measured Fe K XANES with a linear
combination of theoretical XAS spectra of clusters, is a
promising procedure to improve the characterization of such
particles. Further research on the development of nanoparticles
with distinct properties for application in technology and
medicine will benefit from this approach.
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