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Abstract

Manganese ferrite (MnFe,Q,) nanoparticles of identical size (9 nm) and different inversion degree have
been synthesized under solvothermal conditions as a candidate theranostic system. In this facile approach,
a long-chain amine, oleylamine, is utilized as reducing and surface-functionalizing agent. The synthesized
nanoparticles showed cubic-spinel structure as characterized by TEM and XRD patterns. Control over
their inversion degree achieved by a simple change of manganese precursor from Mn(acac), to Mn(acac);.
The variation in the inversion degree is ascribed to the partial oxidation of Mn*" to Mn’", as was
evidenced by X-ray absorption near edge structure and extended X-ray absorption fine structure
spectroscopies at both the Fe and Mn K-edges. The reduction of the inversion degree from 0.42 to 0.22 is
close to the corresponding bulk value 0.20 and led to elevated magnetization (65.7 emu/g), in contrast to
Néel Temperature, which was decreased owning to weaker superexchange interactions between
tetrahedral and octahedral sites within the spinel structure. In order to evaluate the performance of these
nanoprobes as a possible bifunctional targeting system, the 'H NMR relaxation of the samples has been
tested together with their specific loss power under an alternating magnetic field as a function of
concentration. The hydrophobic as prepared MnFe,O, nanoparticles converted to hydrophilic with
cetyltrimethylammonium bromide (CTAB). The well-dispersed in aqueous media MnFe,0,4 nanoparticles
showed 1, relaxavity up to 345.5 mM™ s™ and heat release up to 286 W/g, demonstrated their potential use

for bioapplications.

Keywords: manganese ferrite nanoparticles, solvothermal synthesis, X-ray absorption fine structure,

theranostic, spinel structure
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1. Introduction

Several forms of magnetism exist in nature, with superparamagnetism seeming to be preferred only in
magnetic nanoparticles (MNPs), rendering them excellent candidates in numerous biomedical
applications."”’ Until now, conventional nanoparticle systems have been used separately to achieve
various aspects of disease management, while their greatest clinical success has been in Magnetic
Resonance Imaging (MRI)-based investigations. However, the push provided by advances in
nanotechnology and the call for effective, specific and personalized medicine have enabled the need for
combination of diagnostic and therapeutic capabilities into a single agent, called theranostic.” Recent
developments have heightened the need for multifunctional MNPs which may be used as contrast agents
in MRI and as heat nanosourses in targeted cancer therapy by means of Magnetic Hyperthermia (MH).*’
Many challenges remain to overcome gaps in technical knowledge and capabilities which continue to
prevent progress from the bench to the bedside. One of the most crucial parameter for the effective
response of a theranostic agent is the applied concentration dose. For magnetic imaging must be as low as
can be otherwise the spatial resolution of MRI is decreased. Low doses require excellent magnetic
properties in order to achieve the same result with the minimum MNPs concentration.

The above technologies are not fulfilled or optimized by using exclusively the currently available
iron oxides NPs (e.g. Ferridex and Resovist), since due to their oxidized state posses a limited
magnetization. Manganese ferrite (MnFe,O,) nanoparticles have been of great interest for their
remarkable soft-magnetic properties (low coercivity and moderate saturation magnetization) accompanied
by good chemically stability and biocompatibility.® The ferrimagnetic oxide presents a spinel-type
structure (S.G. Fd3m), comprising a face-centered cubic arrangement of oxygen ions with metal cations
occupying half of the octahedral (O,) and one-eighth of the tetrahedral (T,) interstitial sites within the
anion sublattice.” It is convenient to introduce the degree of inversion i, a dimensionless quantity
describing relative concentration of the manganese ions on Oy sites. In terms of i the spinel chemical
formula can be written as: [Mn, jFe;]J(MnFe,)O,, with brackets and parentheses representing the T4 (A)
and Oy, (B) sites, respectively. In normal spinels (i = 0) all Mn ions occupy the A sites, while in inverse
spinels (i = 1) are in B positions. The inversed and normal cation arrangements are merely the limits of a
continuous range of possible cation distributions satisfying the spinel symmetry.

The magnetic properties of manganese ferrite are closely related to the inversion degree underling

severe changes moving from the normal to inverse structure, since the Fei+ —Fe%+ superexchange

interaction is much stronger than the Mn" —Fe3; interaction.'’ Bulk MnFe,O, adopts an almost normal

spinel structure with low degree of inversion (i = 0.20), because both Mn®" and Fe’" are d’ ions and
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therefore have a zero d-orbital splitting site preference energy.'' Usually, higher inversion degrees in
manganese ferrites nanoparticles have been associated with different synthetic methods.'” In particular the
most studies converge to the fact that different preparation conditions of MnFe,O, entail partial oxidation
of manganese ions which lead to higher degree of inversion, as Mn®" shows a preference for octahedral

sites with higher crystal field stabilization energy.'>"

Thus, the magnetic properties of manganese ferrite
are not only related to the inversion degree but also to the oxidation state of manganese ions." This
conclusion is plausible since Mn®" possesses different cation magnetic moment (4 pg) than Mn®* (5 ug).
The experimentally determined magnetic moment (i) per formula unit (fu.) for the MnFe,O, single

16,17
" In

crystals with different degree of inversions fit reasonably well into the formula: p= (5 — 2i) pug/ f.u.
this regard, a low degree of inversion is required for enhanced magnetization. Variation of the inversion
degree also affects the Néel temperature, which is closely related to the overall strength of the A-B
interactions."®

The development of new applications in the fields of nanomagnetism still requires versatile
synthesis routes that allow for a fine-tuning of structural and magnetic properties according to the
specifications related to a given application. A great number of synthetic procedures of nanostructured
magnetic materials have been proposed in recent times such as sol—gel, mechanosynthesis, or

19,20,21 : . 22
#2021 and in accordance with other reports,

coprecipitation. However, based on our previous results
solvothermal method seems to be one of the most advantageous due to its simplicity and high
reproducibility without the need of vacuum systems or protective atmospheres. The employment of
economical reactants, along with the possibility of dealing with a large number of experimental
parameters, makes this method promising in the nanochemistry field.

In this work, we describe the preparation of MnFe,O4 nanoparticles by means of the solvothermal
method, while a study of their crystal chemistry through X-ray absorption fine structure (XAFS)
spectroscopy has been attempted. A simple change of manganese precursor from Mn(acac), to Mn(acac);
resulted in MnFe,O, nanoparticles with lower inversion degree. The impact of both the oxidation state of
manganese and the inversion degree variation on the crystal structure and on the different magnetic
properties has been examined. As the average sizes of the obtained nanoparticles were almost identical
the direct comparison among them was reliable. Moreover, in order to evaluate the performance of these
nanoprobes as a possible bifunctional targeting system, the transverse relaxation time (T,) was obtained

by means of '"H NMR experiments and the heating efficiency of the nanocrystals was also determined by

means of specific loss power (SLP) estimations.
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2. Experimental details

2.1 Materials

All the reagents were of analytical grade and were used without any further purification. The products
necessary for our experiments are the following: iron (III) acetylacetonate Fe(acac); (Fluca,>97.0%),
manganese (I1I) acetylacetonate Mn(acac); (Aldrich, > 99.9%), manganese (II) acetylacetonate Mn(acac),
(Aldrich, > 99.9%), diphenyl ether (PHE) (b.p. 259 °C) (Aldrich, > 99%), oleylamine (OLM) (Aldrich, >
70%), cetyltrimethylammonium bromide (CTAB) (Aldrich, > 99%), chloroform (Aldrich, > 99%) . Milli-

Q water was used with a resistivity no less than 18.2 MQ cm’.

2.2 Synthesis of manganese ferrite nanocrystals

The general synthetic procedure for the preparation of the MNPs was as follows: Fe(acac); (1.8 mmol,
0.636 g) and Mn(acac), (0.9 mmol, 0.228 g) were mixed and dissolved in a mixture of oleylamine (4 mL)
and phenyl ether (10 mL). The resulting solution was stirred thoroughly and then transferred into a 23
mL Teflon-lined stainless-steel autoclave. The crystallization was carried out under autogenous pressure
at temperature of 200 °C for 24 h. Then the autoclave was cooled naturally to room temperature and after
centrifugation at 5000 rpm, the supernatant liquids were discarded and a black-brown precipitate was
obtained and washed with ethanol, at least three times, to remove the excess of ligands and the unreacted
precursors. In sample S2, Mn(acac), replaced with Mn(acac); while the rest conditions were kept
constant. Samples S3 and S4 performed in the presence of pure OLM (14 mL), with the use of Mn(acac),
and Mn(acac);, respectively, as manganese source. The four different syntheses procedures are

summarized in Table 1.

2.3 Preparation of water-soluble nanoparticles

In a general preparation cetyltrimethylammonium bromide (CTAB) was added to Milli-Q water to form
solution A (0.1M), which was sonicated to completely dissolve the cationic surfactant. Hydrophobic
nanocrystals (5 mg) were dissolved in chloroform (1-2 mL) to form solution B. Solutions A and B were
mixed together with vigorous stirring and the chloroform was removed by sonication to finish the

encapsulation.
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2.4 Characterization

Phase identification was performed using a 2-cycle Rigaku Ultima + diffractometer (40 kV, 30 mA,
CuKa radiation) with Bragg—Brentano geometry (detection limit 2% approximately). Conventional TEM
images were obtained with a JEOL 100 CX microscope (TEM), operating at an acceleration voltage of
100kV. For TEM observations we have used suspensions of the nanoparticles deposited onto carbon-
coated copper TEM grids. The elemental composition of the samples was tested by inductively coupled
plasma atomic emission spectroscopy (ICP-AES), Perkin-Elmer Optima 3100XL and by scanning
electron microscopy (SEM: JEOL 840A), where energy dispersive X-ray spectrometry (EDS) spectra
were obtained. Fourier transform infrared spectroscopy (280-4000 cm™) was recorded using a Nicolet FT-
IR 6700 spectrometer with samples prepared as BrK pellets. Thermogravimetric analysis (TGA) was
performed using SETA-RAM SetSys-1200 and carried out in the range from room temperature to 800 °C
at a heating rate of 10 °C min™' under N, atmosphere. The X-ray absorption fine structure (XAFS) and X-
ray fluorescence (XRF) measurements were conducted at the synchrotron radiation storage ring BESSY-
II of the Helmholtz Zentrum Berlin at the KMC-II beamline that is equipped with a double SiGe graded
crystal monochromator. The XAFS spectra were recorded at the Fe- and Mn-K-edges in the transmission
mode. The near-edge X-ray absorption fine structure (XANES) spectra were subjected to linear
background subtraction and normalization to the edge jump. The (k) spectra that result after subtraction
of the atomic background and transformation from the energy- to the k-space of the extended X-ray
absorption fine structure (EXAFS) spectra were fitted with the FEFFIT program with the photoelectron
scattering paths constructed using the FEFF8 code.” The XRF spectra were recorded using the Rontec-
XFlash energy dispersive detector positioned at right angle to the beam (45°-45° geometry). Magnetic
measurements were performed using a superconducting quantum interference device (SQUID, Quantum
Design MPMS-5) and included hysteresis loops at 5 and 300K. For the zero-field-cooled/filed-cooled
(ZFC/FC) measurements the samples were cooled from room temperature down to 5 K without applying
a magnetic field and then heated back to room temperature under a magnetic field of 50 Oe. The Néel
temperature values, were determined using vibrating sample magnetometry (VSM) (P.A.R. 155)
performed over the temperature range from 300 to 800 K in fields up to 1 kOe. Hydrodynamic diameters
and (-potentials were determined by electrophoretic measurements, carried out at 25 °C by means of a
NanoZetasizer, Nano ZS Malvern apparatus (DLS). The incident light source was a 4 mW He—Ne laser at
633 nm and the intensity of the scattered light was measured at 173°. Transverse (T,) relaxation times
were measured with an Agilent NMR spectrometer (500 MHz / 9 T) equipped with VNMRJ 3.1 software
at 20 °C. A CPMG pulse sequence was used to measure T,. Hyperthermia measurements were made

using a water-cooled coil, producing an alternating magnetic field (AMF) with 765 kHz frequency and
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250 Oe (20 kA/m) amplitude. In all measurements, 1 ml of aqueous MnFe,O,4 nanoparticles dispersion
was used and subjected to the AMF. Temperature data in these experiments were taken using a fiber optic
temperature probe.

Table 1 Summary of syntheses

Sample Precursors Solvent Surfact.
S1 Fe(acac);, Mn(acac), PHE OLM
S2 Fe(acac);, Mn(acac); PHE OLM
S3 Fe(acac);, Mn(acac), OLM OLM
S4 Fe(acac);, Mn(acac); OLM OLM

3. Results and discussion

3.1 Structural and surface characterization

The synthesis of manganese ferrite nanoparticles coated with oleylamine was carried out using
solvothermal conditions, by the decomposition of metal precursors in the presence or not of a high boiling
point solvent (PHE) (Table 1). In order to evaluate the effect of the precursor valence on the inversion
degree, the procedure was examined with the trivalent manganese acetylacetonate (S2 and S4). Taking
advantage of the multifunctional capabilities of oleylamine®* (solvent, reducing and capping agent) and

192021 we performed the syntheses according to a solvent-free solvothermal

based on our previous results
process where oleylamine was used in a triple role (S3 and S4). In this case the portion of oleylamine was
increased (14 mL), to preserve the same filling capacity of the autoclave (50%).

Fig. 1 presents the XRD patterns of the samples which were refined, including peak broadening
due to crystallite size, using the Rietveld method. The structure refinement presents good values of the
reliability factors with a goodness of fit y* varying from 1.3 to 4.2 and Rp and Rwp parameters ranging
from 5.49 to 8.6% and 7.07 to 11.9%, respectively. S1 and S2 showed the formation of a cubic structure
(S.G. Fd3m), while the absence of any extra peak in the patterns ensures that the samples are phase pure.
All the peaks are well matched with the standard JCPDS data for MnFe, Oy, (file No. 10-0913). Taking the
full width at half-maximum (FWHM) of the most intense peak (311) obtained from the refinement and
based on the Scherrer equation the average crystalline sizes were resulted almost the same, dxgp ~ 9.0 nm
(S1: 9.1 nm, S2: 8.8 nm). The corresponding refined lattice parameters (a) of S1 and S2 were found to be
8.489(9) and 8.498(3) A respectively, close to the bulk value (8.499 A). Although, the two spectra reveal

the same phase and crystallite size there is a qualitative difference in their intensities. The higher intensity

ratio of the Ipy/1400 reflection maxima in the case of S1 (1.54) compared with that corresponding to the S2

7
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(1.26), indicates that the first presents a spinel structure closer to the inverse one than that of S2.* This
statement is also supported by the slight difference in the lattice constants, as an inversed spinel should
have smaller parameter than a normal spinel containing the same cations.”® However, accurate estimation
of the inversion degree is possible only with more powerful techniques, like X-ray absorption
spectroscopy and is presented below.

For samples S3 and S4, where oleylamine was used in a triple role, contaminations of other iron
and manganese oxides phases were observed (Fig. 1). In S3 three additional low-intensity peaks are
present which do not belong to the spinel structure. The peaks at 24.2°, 33.2° and 41.8° can be attributed
to the hematite (a-Fe,Os/ JCPDS, file No. 79-1741), while the two peaks at 31.3° and 45.1° reveal the
presence of the tetragonal hausmannite (Mn;O,/ JCPDS, file No. 65-1123). The same extra phases are
detected in S4, but Mn;0y, is present in a lower amount. The crystallite diameters of MnFe,O,4 phase were
approximately 7 nm for both samples while the extra phases show nanocrystals larger than > 50 nm, as

estimated from the refinement.
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Fig. 1 Measured diffraction patterns of samples S1, S2, S3, S4 and Rietveld refinements.

TEM imaging was employed to investigate further the morphologies and crystallographic features
of the single phases. The bright-field image (Fig. 2a) of sample S1 clearly shows nearly spherical
nanoparticles with broad size distribution, while for sample S2 (Fig. 2¢) the same phase and shape are

observed although the size distribution is reduced. Representative selected area electron diffraction
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(SAED) patterns can be indexed as the cubic spinel structure of MnFe,O, phase and supports the single
crystalline nature of the samples (Fig. 2b and 2d). The histograms of particle size distributions (insets in
Fig. 1a, 1c) were built by counting 200 particles for each sample and were fitted with a standard normal
function. The average nanoparticle sizes drgy were found 8.6 £ 0.9 and 8.2 + 0.5 nm, for S1 and S2
respectively, close to the corresponding ones from the XRD patterns. In Fig. 2Sa and 2Sb (FESI) are
displayed a representative EDS spectrum taken from sample S1 and a XRF spectrum taken from sample
S2. Both techniques show the presence of Fe and Mn in an atomic ratio 2/1. For the XRF measurements
the elemental sensitivities were taken into account. The chemical composition analysis was also measured

by ICP-AES and has revealed the same stoichiometry in both samples.

MnFe:0«
#10-0319

MnFe:0.
#10-0319

Fig. 2 TEM images and particle size distribution histograms (insets) of: S1(a) and S2 (c). Diffraction
patterns of: S1 (b) and S2 (d), which can be indexed to crystalline planes of the MnFe,0, structure.

FT-IR spectroscopy was applied for the characterization of the surface of the MnFe,O,4
nanoparticles (fESI Fig. 1Sa). The corresponding spectra of the samples S1 and S2 revealed absorption
bands in a good agreement with OLM molecule shown also as reference. The high frequency bands
observed in the region 2926 and 2853 cm™ are characteristic for the asymmetric (v,) and symmetric (vy)
stretching vibrations of methylene groups (-CH,). At 1640 cm™ the low intensity peak is assigned to the
stretching vibration of the double bond 8(-C=C), and the peak at 1588 cm™ is attributed to NH, group,
found shifted to some extent due to interactions with the metal core. Finally, the peak at 1438 cm™ is

attributed to C-H bending in methylene groups,”’ while the typical low frequency band at around 575 cm™

9
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refers to motion of oxygen with respect to the cations in the Ty and O, sites, characteristic of the spinel
structure.”® The amount of surfactants coated on the surface was quantitatively recorded by
thermogravimetric analysis (TGA), (fESI Fig. 1Sb). The decomposition of the organic coating occurs in a
similar way for both samples. The content of oleylamine was estimated 20% and 23% for S1 and S2
respectively, by measuring the mass reduction in the range of 100-800 °C. The early weight loss until 100
°C can be ascribed to the removal of physically adsorbed water molecules. Two steps of mass reduction
were observed after 100 °C stemmed from the hydrocarbon chains and the nitrogen head groups. The
chain decomposition occurs at 200~450 °C, while the removal of the amine group takes place at higher

temperatures indicating the bonding with the metal core.”

3.2 XAF'S spectroscopy

The bonding environment of Mn and Fe was studied by means of XAFS spectroscopy. Fig. 3 shows the
XANES spectra of samples S1 and S2 recorded at the Mn and Fe-K-edges. The characteristic pre-edge
peak has been assigned to 1s—>3d transitions which become dipole allowed after mixing of the metal d
with 4p states.”® The formation of non-centrosymmetric polyhedra around the absorbing metal atom, as
for example tetrahedral, results in enhancement of the pre-edge peak intensity. The position of the pre-
edge peak is affected by the oxidation state of the metal. In the case of the Fe-K-edge X ANES spectra the
position of the pre-edge peak is characteristic of Fe*" in octahedral coordination. The small red shift of the
pre-edge peak in the spectrum of the S1 sample is an indication of a slight increase of tetrahedral
contribution.® The centroid position of the pre-edge peak in the Mn-K-edge spectra is found in between
the corresponding positions for Mn>" and Mn®* taking into account reference compounds.’’ The slight
red-shift of the pre-edge peak of the S2 sample relative to S1 is attributed to lower value of the oxidation
state of Mn. The smaller percentage of Mn atoms having 3+ oxidation state in the sample S2 is also
verified by the 0.25 eV red-shift of the position of the absorption edge relative to the corresponding
position of the sample S1.** Therefore, the number of Mn®" ions in S2 is smaller and a lower inversion

degree is expected.

10
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Fig. 3 Normalized XANES spectra recorded at the Fe- and Mn K-edge of the S1 and S2 samples. The
total area under the pre-edge peaks (indicated by an arrow) was estimated by fitting with two Lorentzian

functions, as shown in the insets.

In order to obtain quantitative information on the degree of inversion, the EXAFS spectra were
fitted up to the distance of 4 A using proper models of spinel ferrites and taking into account that the
absorbing Fe of Mn atoms may occupy tetrahedral sites (hereafter called Fe, and Mn,) and octahedral
sites (denoted as Feg and Mng). Given that the atomic number of Fe and Mn differs only by 1 the two
atoms have similar backscattering amplitudes. Therefore in order to reduce the uncertainty, only Fe
backscatterers were considered in the fitting. The distribution of Mn and Fe cations between tetrahedral
and octahedral sites was taken into account using the variable parameters, xg(Mn) and xg(Fe) that indicate
the fraction of Mn and Fe cations, respectively occupying octahedral sites. The rest of the atoms occupy
tetrahedral sites i.e. xa(Mn)=1-xg(Mn) and x(Fe)=1-xg(Fe). Under this description, the parameter
xg(Mn) corresponds to the inversion parameter, i. Photoelectron scattering paths of the tetrahedral and
octahedral contributions that were characterized by similar nearest neighbor distances, were merged
together using proper coordination numbers in order to reduce the uncertainty of the fitting. Otherwise a
separate scattering path was considered. During the fitting the coordination numbers were kept fixed to
the values predicted by the symmetry, whereas the xg(Mn) and xp(Fe) values were allowed to vary. The
nearest neighbor distances at distant shells (R > 3 A) were kept fixed according to the values determined
by XRD. A multiple scattering (triangular) path at the distance of approximately 3.8 A was also used.
Each one of the contributions in the triangular path was set equal to the length of the corresponding single
scattering paths. The y(k) spectra and the corresponding Fourier transforms of the spectra for the samples
S1 and S2 recorded at the Fe- and Mn-K-edges are shown in Fig. 4. The fitting results are listed in Table
2.

11
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Fig. 4 Fe- and Mn-K-edge x(k) spectra and Fourier transforms of the k’-weighted y(k) spectra. The

experimental and fitting curves are shown in thin and thick solid lines, respectively.

According to the results listed in Table 2, the first nearest neighbor distances differ depending on
the type of polyhedra formed by the metal (the notation A and B stands for tetrahedra and octahedra,
respectively) and also on the type of the central atom. More specifically, the Fe,(Mn,)-O distance is
approximately 0.15 A shorter than the Feg(Mng)-O distance and all the Fe—O distances are shorter by
approximately 0.15 A compared to the Mn—O distances. At further shells the distances predicted by XRD
seem to fit properly the spectra. It should be noted that the characteristic splitting observed in the 3—4 A
distance range of the Fourier transform of the Mn-K-edge spectra with enhanced low-R intensity is
attributed to the higher occupation of octahedral sites. It should be noted that at the distance of
approximately 3 A only the octahedral coordination has significant contribution. In sample S2 this peak is
reduced significantly compared to sample S1, displaying the small number of manganese ions in the
octahedral sites. The results of the fitting confirm that the degree of inversion decreases from 0.42 (S1) to
0.22 (S2). The stoichiometry of the spinel ferrites requires that: xg(Fe) = 1- xg(Mn)/2.* The slight
deviation from this equation for the sample S1 could be attributed to the presence of vacancies. According
to the XANES characterization, this sample is expected to contain more Mn®". The partial oxidation of
Mn?** to Mn®* results in the formation of vacancies in the octahedral sites for charge neutrality reasons,

taking into account that the samples are stoichiometric and that Mn®" occupies octahedral sites.*’

12
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Table 2 Fitting results of the Fe- and Mn-K-edge EXAFS spectra. R are the nearest neighbor distances, N
the coordination numbers, o” the Debye—Waller factors and xg(Mn), xg(Fe) the fraction of Mn and Fe
atoms that occupy octahedral sites. Values of r-factor that correspond to the simultaneous fitting of the

spectra recorded at the two edges are also reported. MS refers to a triangular multiple scattering path

Shell Fe-K-edge Mn-K-edge
N R (A) o’ (A% N R (A) o’ (A%
Sample: S1 (r-factor = 0.06076)
[xg(Mn) =0.42 + 0.03, xp(Fe) = 0.87 £ 0.03]

O (Op) 52 1.97 0.0101 2.5 2.09 0.0087
O (Ty) 0.5 1.81 0.0091 23 1.94 0.0073
Fe (On) 5.1 3.00 0.0096 24 2.98 0.0116
Fe(Oy,Ty) 6.6 3.50 0.0096 9.2 3.53 0.0163
O (On,Ty) 32 3.54 0.0090 7.5 3.54 0.0119
O (Ty) 0.5 3.67 0.0110 2.2 3.67 0.0130
Fe (On) 5.0 3.71 0.0150 24 3.71 0.0189
MS 13.1 3.65 0.0173 18.3 3.68 0.0204

Sample: S2 (r-factor = 0.06409)
[xg(Mn) =0.22 + 0.03, xg(Fe) = 0.93 £ 0.03]

O (Op) 5.6 1.98 0.0090 1.3 2.14 0.0099
O (Ty) 0.3 1.85 0.0081 3.1 1.98 0.0092
Fe (On) 5.5 3.01 0.0077 1.3 2.96 0.0108
Fe(Oy,Tq) 6.2 3.50 0.0084 10.4 3.52 0.0167
O (Op,Tg) 2.6 3.53 0.0140 9.5 3.53 0.0202
O (Ty) 0.3 3.67 0.0150 3.0 3.66 0.0176
Fe (Oy) 54 3.71 0.0160 1.3 3.71 0.0193
MS 12.5 3.68 0.0153 20.1 3.76 0.0217

3.3 Formation aspects

In order to produce ternary metal oxides such as ferrite nanocrystals, usually two types of precursors are
required for serving as different metal sources, while their decomposition temperatures must be as close
as possible to obtain stoichiometrically precise materials. In particular, for Fe(acac); and Mn(acac), a
clear difference (> 60 °C) of their decomposition temperatures has been reported.”* Among the
acetylacetonato complexes, the trivalent Mn, Co and Fe were found to be quite unstable and their
dissociation occurs at lower temperatures, in regard to the divalent metal chelates.” In our experiments,
the divalent precursor Mn(acac), which is commonly used, led to MnFe,O, particles of a higher level of
octahedrally deposited Mn®* and therefore higher inversion degree, indicating the partially oxidation of
Mn*" to Mn®". Oxidation process is favourable even in aprotic and degassed systems or in the presence of

nitrogen atmosphere and has been several times reported.”*® In case of S2, the faster decomposition of
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Mn(acac); led to MnFe,O, nanoparticles of a low inversion degree indicating that the reduction of Mn*"
to Mn”", in addition with the extra Hacac molecules which produce a stronger reductive environment, is
faster than the reverse process. Meanwhile, the faster decomposition of Mn(acac); ensures that the
incorporation of manganese ions in the spinel lattice occurs simultaneously with the iron ions. Moreover,
although we do not know the inversion degree of the resulted manganese ferrite of S3 and S4 the presence
of different percentage of the hausmannite phase enlarged that the reduction is fast and dominant. The
resulted Mn®* consumed to the formation of MnFe,O, and in so the percentage of hausmannite minimised
(S4). Finally, the formation of hematite may be attributed to the presence of pure OLM and in connection
with the mild reducing ability of the amine.** a-Fe,05 resulted almost to the same amount in case of S3
and S4, in accordance with the respective intensities of XRD analysis. As the formation of the spinel
ferrites commences with a solvolysis of the acetylacetonate species followed by ketimine condensation
reactions® the increased amount of the amine enhanced the formation of Fe-O-Fe bonds. It is worth to
mention that formation of hematite is a side reaction of dehydration of B-FeOOH into a- Fe,O; and

depends on the synthetic conditions and as such is given in the literature.*’

3.4 Magnetic studies

Magnetic properties were studied by measuring the magnetization as a function of temperature and field.
ZFC/FC measurements of S1 and S2, recorded from 5 to 300 K by applying a 50 Oe probe field, are
shown in Fig. 5. Both samples are superparamagnetic at room temperature, as indicated by the full
convergence of the ZFC/FC curves at high temperatures T>T .x. In contrast, at low temperatures (T<T .x)
the curves are irreversible, showing that in this region the nanoparticles are in a blocked state, due to
energy barriers of magnetic anisotropy.”' This statement is also confirmed by the loops at 5 K (Fig. 5
insets), which reveal a hysteretic behaviour with coercive field (Hc), 276 and 171 Oe, respectively. The
fact that FC curves do not reach a plateau as soon as Ty is reached indicates that the dipolar interactions
are not prevailing in both samples. It should be also noted that in the case of S1 the peak of ZFC is
broader, related to the wider size distribution as supported by the TEM images (Fig. 2a). Blocking
temperature (Tg) is not identical to Ty, as it is slightly lower. Correct estimation of Ty is given by the
relation: Tg = Tpay/1.06.** The obtained values were found to be 118 K (S1) and 101 K (S2). Assuming a
spherical shape for the nanocrystals and that their easy magnetization axes are randomly oriented, a first
rough determination of anisotropy constant is possible. The blocking temperature reflects the range for
which the time scale of magnetization measurements equals the relaxation time, and thus the anisotropy
constant can be estimated from the Ty value of the ZFC curve:*

KeffV = kBTB ln(T/To) (1)

14
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where K. is the effective anisotropy energy, V is the volume of the particle, kg is Boltzmann’s constant,

* and 1 is the

7o is usually called the “attempt time” and is assumed to be of the order of 107 s
superparamagnetic relaxation time. However, the observation of superparamagnetic behavior depends
strongly on the experimental time window (Tey,). The relative values of T and 1., will determine whether
or not a non-zero magnetization is measured. A net zero magnetization will be measured if T < Ty, and a
non-zero magnetization will be observed if T > 1.y,. For magnetization measurements, Ty, is of the order
of 100 s*. Using these values the following approximation is derived from equation (1): KV = 25 kg Tp
(taking Int/ty = 25). The resulted values of K. (Table 3) are higher than those reported for manganese
bulk ferrites (0.025 x 10° J/m®),"” as expected for nanosized particles. In S1 there is a slight increase in

anisotropy, attributed to higher magnetocrystalline anisotropy as a result of Jahn-Teller distortion of the

octahedral Mn®" ions.*
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Fig. 5 ZFC/FC curves of samples S1, S2 and hysteresis loops recorded at 5 K (insets).

Hysteresis cycles at 300 K (Fig. 6) exhibit a typical superparamagnetic state with negligible
coercivity and rapid saturation. The absolute values of magnetization (Ms) were estimated from the
effective mass of the nanoparticles (fESI Fig. 1Sb). The M; of the samples were found equal to 54.6 and
65.7 emu/g for S1 and S2, respectively. These values are comparable and relatively higher, to those

reported for MnFe,O, nanoparticles with respected particle sizes.”” The decrease of magnetization
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considering the bulk value (80 emu/g), is related to the larger percentage of atoms located on the surface
of the NPs, producing a magnetically dead layer. Interestingly, for the sample S2 the decline in
magnetization is smaller. As the two samples posses the same size and have been stabilized by the same
surfactant we believe that surface effects in both samples contribute equivalently to the decrease of
magnetization. In addition the FT-IR spectra (fESI Fig. 1Sa) reveal identical patterns, supporting
isotropic binding of oleylamine molecules on surface. Therefore we can safely correlate their different
magnetic performance mainly with the intrinsic properties of their magnetic core. The only unequal

structural feature of these nanoparticles is their inversion degree.
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Fig. 6 Hysteresis cycles of samples S1 and S2 recorded at 300 K.

Theoretically, in bulk manganese ferrite crystals if all the Mn ions are divalent (Mn”") and all the
Fe ions are trivalent (Fe’"), then the magnetic moment at 0 K is expected to be 5 ps/ f.u., according to the
Néel model*. However, considering that both Mn™ and Fe™ are d’ ions with spin 5/2 and zero orbital
momentum, this value of 5 pg would be independent of the inversion degree, as the distribution of metals
with the same Bohr magnetons has no influence on the net magnetization. However, from magnetic
scattering measurements,49 the magnetic moment of MnFe,O, was found to be ~4.6 pg / f.u. This reduced
magnetic moment of MnFe,O4 has drawn much attention and different models have been proposed to
explain it. According to Harrison et al’® the presence of Mn’" ions is prescribed which are

counterbalanced by either Fe*" ions or some vacancies in the spinel structure.® On the other hand, based

16
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on Mossbauer measurements the canted spin model was proposed,”’ but nuclear magnetic resonance
(NMR) experiments showed no evidence of spin canting.”’ In our case, XAFS analysis indicates clearly
the existence of Mn®" ions (4 ) at B sites in both samples, and the absence of Fe*" which denotes cation
vacancies at the octahedral sites so that charge neutrality is preserved.

In spinel ferrites it is possible to calculate the net magnetic moment per formula unit at 0 K, based
on Néel’s two-sublattice model of ferrirnagne‘[ism:48

n=Mp-M, (2
where My and M, are the sublattice magnetic moments of B and A sites. In our case according to the
model proposed by Harrison et al.”’ and when Fe*" ions are not present in Oy, sites, the chemical formula
for manganese ferrite may be written as:
[Mn}* Fef 14 (Mn* Fe3 )P0,
Since magnetic moments of Fe’", Mn®" and Mn®" are 5, 5 and 4 g, respectively, the net magnetic moment
(w) per formula unit can be expressed as:
u=52-2i)+4i-5-51-1)=(-1) ug/ fu. 3)

Even though the above equation differs from the one that has been reported previously: = (5 —
2i) pg/ fu.'®'" there is still the same linear dependence from the inversion degree. The difference in the
two calculations arises from the fact that in our samples the presence of Fe’ ions was excluded from the
XAFS results. Thus, the number of pg per formula unit is accordingly changed. In any case, it is obvious
that to enhance magnetization in MnFe,O, nanoparticles the formation of trivalent manganese ions should
be as low as possible. Mn’* shows a preference for octahedral sites raising the inversion degree thus
resulting to a decrease of  as it is derived from equation 3. Compared to S1 in S2 the amount of Mn®"
was smaller and thus magnetization was increased.

The different distribution of the metal ions in the spinel lattice should also affect the Néel
temperature (Ty). Based on the fact that in ferrimagnetic compounds both exchange integrals, J44 and Jgp,
can be considered negligible when compared to the exchange integrals J g among ions in A and B sites, a
partial transfer of a number of F e’ cations from B to A sites can causes an increase of TN.IO Therefore,

the average strength of J,z is a function of the number of bonds between two Fe'" ions,

Fei+ ~0%¥ - Fe%+ , and is raised as the inversion degree increases. Ty values for both samples (Fig. 7a)

were measured and found higher (S1: 688 K and S2: 633 K) compared to that of the bulk ceramic
standard (Ty = 573 K), in accordance with previously reported values of nanoscale ferrites.'™ '* **
However, the increase in S2 is stronger, revealing the crucial impact of inversion degree on magnetic

order at different temperatures.
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Fig. 7 (a) Thermomagnetic curves of S1 and S2 under the application of a 1 kOe magnetic field. (b)
Depression of the core magnetization Mg(0)—Mg(T) of S1 and S2 in a double logarithmic representation.

The full line corresponds to the best fit using equation 5 and yields the value of 5.

In order to support the influence of the inversion degree on the superexchange interactions, the
Jap exchange constant of both samples has been studied in more detail by fitting the FC curve to the
Bloch law. The first-order term of Bloch’s law describes the temperature dependence of the saturation
magnetization at low temperatures due to low energy collective excitations, well known as spin waves or

magnons and can be written as:
Mg (T)=M(0)(1~BT*?) @)
where Ms(T) is the temperature-dependent saturation magnetization, M(0) is the magnetization of the

ground state at 0 K and B is Bloch’s constant. The value of B depends on the exchange integral J5p in the

following way:”

3/2
g 00587( kg )
sQ (218

where kg is the Boltzmann constant, Q is 1, 2, and 4 for single cubic, bcc, and fcc systems, respectively
and S is the total electron spin. However, for MNPs and small clusters, some theoretical calculations as

well as experimental results have indicated that the temperature Bloch exponent is expected to be higher
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than 3/2.'*** The Bloch exponent (b) is for nanoscale materials size dependent and structure independent,
whereas the Bloch constant (B) mainly depends on the structure features of the core of the nanoparticles,
such as the superexchange interactions. The depression of the core magnetization Mg(0)—Mjg(T) is plotted
of both samples in Fig. 7b as a function of temperature. In that log-log representation, the variations are
linear with a slope representing the exponent b. In Fig. 7b are also presented the parameters B and b,
obtained from the linear fitting to the Bloch’s law of both samples. Almost same values for the b
exponent were raised, due to the same size of NPs, but different Bloch constants, due to the different
interactions.” Table 3 shows the corresponding values of the exchange constant J,z obtained from the
corresponding values of B. The calculated values are overestimated compared to the bulk,'” since for the
calculation we assumed that J,p is the only interaction within lattice, which is inaccurate if a detail
description is required, while surface effects was not taken into account. Moreover, in equation 5, we
imported the value 5/2 for S, assuming the same spin for both metals in each valance state, as a rough
approximation. Therefore, the results can only be used only as qualitative proof that J,p increases with

increasing i.

Table 3 Chemical formulas according to the inversion degree of each sample and the main magnetic

characteristics of the particles.

Sample Ms (emu/g) Ker (10°J/m°) Tg (K) Tx (K) Jag (K)
S1: [Mn0'5gF€0'42](Mn0'42Fel_5g)O4 54.6 0.043 118 688 -52

S2: [Mnongeo'zz](Mn0'22F61_78)O4 65.7 0.039 101 633 -38

3.5 'H NMR relaxation

NMR studies were performed in order to evaluate farther application of the nanoparticles as contrast
agents. NMR detects water protons as they relax back to their equilibrium state after a radiofrequency
pulse perturbs their alignment along a strong external magnetic field. This relaxation is the combined
result of two different mechanisms.>® Longitudinal relaxation (T,) or spin-lattice relaxation, due to energy
exchange between the spins and their surroundings, and transverse relaxation (T,), or spin—spin
relaxation, due to interactions of spins between them, resulting in loss of phase coherence.
Superparamagnetic nanoparticles have a much smaller effect on the T; water proton relaxation time than
on the T, relaxation. In this process, the major relaxation mechanism is the dipolar outer-sphere
interaction between the water proton spins and the magnetic moment of the nanoparticles. Therefore, as
shown in the model suggested by Koenig and Keller, spin—spin relaxation is strongly dependent on the

magnetic moment of the nanoparticles (p):>’
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1 o 2 2
=—=— CypJ(o, T 6
T, dDy 1 CpsJ( D) (6)

2
where a is a constant, d the diameter of the nanoparticle, D the diffusion coefficient, p the magnetic
moment,y the gyromagnetic ratio of the water proton, Cyps the concentration of the nanoparticles, and
J(o,7) the spectral density function. T, data were used to calculate the transverse relaxivity (r,) (the
transverse relaxation rate per mM of metal ions). The relaxation rate (R=1/T,) increases linear with the

nanoparticles’ concentration according to the equation:

I_Lic (7
T2 TO

where 1/T, is the observed relaxation rate in the presence of the nanoparticles, 1/T the relaxation rate of
pure water and C the concentration of MNPs.

The hydrophobic MNPs (S1 and S2) were converted to hydrophilic with the addition of CTAB
molecules. This bilayer assembly is energetically favored as it ensures hydrophobic interactions between
the surfactant tails and hydrophilic interactions of the positive charged head group (-N'(CH;)s) with the
aqueous media at the nanoparticle—solvent interface. The C-potential of these hydrophilic MNPs was
determined as an indicator of the colloidal stability of the aqueous suspensions at neutral pH. The
hydrodynamic diameters were 243 nm and 180 nm (FESI Fig. 3Sb) while  values found + 42.5 mV and +
36.5 mV for S1 and S2, respectively (TESI Fig. 3Sa).

The transverse relaxation rates (R,) were determined by means of the Carr-Purcell-Meiboom-Gill
pulse sequence (CPMG). All these measurements showed perfect monoexponential decay, which is
characteristic for magnetic compounds that enhance the water proton relaxivity by diffusion. As shown in
Fig. 8, sample S2@CTAB exhibits the highest r, relaxivity, reaching 345.5 mM ™' s ', compared to
S1I@CTAB (196.6 mM ™' s™"). Generally, r, increases with respect to magnetization while the effect of
aggregation in the suspension has also important impact on the relaxometric properties especially when
particle sizes are bigger than 9 nm.”® The formation of aggregates can be concerned for both samples due
to the increased hydrodynamic sizes. However, the difference is not substantial, taking into account that
the polydispersity degree for both samples is about 0.40. Therefore, enhanced relaxivity of S2@CTAB
stems mainly from the higher magnetization value. The obtained molar relaxivity of S2@CTAB is much
higher compared to y-Fe,O;@SiO, MNPs studied in a similar NMR spectrometer (500 MHz), as the
highest r, value found equal to 228 mM ™' s™' (10.0 nm y-Fe,O; NPs ) with respect to the decreasing
thickness of silica layer.” For slightly smaller manganese ferrite nanoparticles (7.6 + 1.4 nm), following
a ligand exchange procedure, where oleic acid and oleylamine were exchanged with DMSA, r, found

227.6 mM ' s~' (T, values recorded at 9.4 T).** Meanwhile, CTAB has been used previously as surfactant
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in the synthesis of gold-coated manganese-ferrite nanoparticles where 12 nm core-shell NPs showed

relaxivity 83.3 mM ' s’ (1.5 T), higher than those of commercial iron-oxide contrast agents.’'
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Fig. 8 R, relaxation plots of aqueous suspensions of SI@CTAB and S2@CTAB as a function of

concentration.

3.6 Hyperthermia efficiency

Heat dissipation of ferrofluid produced by the delay in the relaxation of the magnetic moment is observed
when superparamagnetic NPs are exposed to an alternating magnetic field of proper frequency. The
heating capacity of a magnetic material is quantified by the specific loss power (SLP), defined as the
amount of energy converted into heat per time and mass.”> The SLP is calculated using the following
relation:

my A_T
myps At

SLP=Cp )

where C, is the specific heat of the solution, m¢ is the sample volume, myp, is the mass of magnetic
material in the sample and AT/At the initial slope of the heating curve. Two different mechanisms
compete to determine the relaxation of the magnetization:* the Néel relaxation, corresponding to the
magnetic moment reversal over the energy barrier, characterized by ™y = 1y exp(KV/kgT), and the Brown
relaxation, corresponding to the mechanical rotation of the whole particle, described by 15 = 3nVu/kgT (1
is the viscosity of the media and Vy is the hydrodynamic volume).

Fig. 9 shows the experimental hyperthermia curves for the hydrophilic SI@CTAB, S2@CTAB
and the SLP values estimated as a function of concentration. In all cases the reference signal from the
Milli-Q water was subtracted to isolate the signal resulting from the nanoparticles themselves. SLP
values, recorded at 250 Oe, of SI@CTAB were found 133, 167, and 227 W/g, respectively, while for
S2@CTAB consistently higher SLP values were obtained 236, 249 and 286 W/g. Taking into account
that MNPs should be applied in the lowest/effective doses, 0.1 to 1 mg/mL of MNPs were used where
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SLP values found to be increased respectively. S2@CTAB found to be effective even in the lowest
concentration (0.1 mg/mL), as temperature rose above 42 °C in about 10 min, corresponding to the
desirable hyperthermia levels (i.e 5 °C < AT < 14 °C, starting from basal body temperature, 37 °C). It has
been proposed that as the concentration of the particles is increased and the separation among them

decreases, dipolar interactions are favored.*® These interactions can be either ferromagnetic or
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antiferromagnetic leading to either increase or decrease in the heating capacity. Therefore, influence of

dipole interactions on magnetic heating is still under investigation. The observed increase of SLP values
with concentration could be attributed to the presence of ferromagnetic interactions. Similar behavior to
the studied systems has been previously observed e.g. for Fe;O4 nanoparticles.”” However, an opposite

result found before by us® and others®® where SLP decreased with increasing concentration. Lower SLP

values (148.4 W/g) have been reported recently by Doaga et al®’ for bigger nanoparticles (18.2 nm) under

different experimental conditions (1.95 MHz, 29 Oe). Additionally, at 266 kHz and 653 Oe the SLP value
of MnFe,0, nanoparticles (12.1 nm) was 1.45 W/g, as reported by Kim et al®®, while at 231 kHz and 653
Oe the heating efficiency of smaller nanoparticles (10.5 nm) was better (500 W/g).” Hence, experimental
conditions, optimal chain size of surface coating and particle diameter all contribute significantly to
heating, and certain assessment is very difficult; further magnetization measurements (ferromagnetic

resonance) are needed and/or Monte Carlo simulations to provide insights into the pronounced

dependence of SLP."
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Fig. 9 Temperature versus time curves of (a) SI@CTAB and (b) S2@CTAB. (c) Concentration

dependence of SLP values of the samples.

4. Conclusions

Monodispersed MnFe,O4 MNPs of identical size (9.0 nm) and different inversion degree have been

solvothermally synthesized in diphenyl ether and in the presence of OLM. The alternate application of

Mn(acac); as precursor instead of Mn(acac),, allowed us to reduce the inversion degree from 0.42 to 0.22,

as supported by XAFS analysis, due to the partial oxidation of Mn®" to Mn®", which results in octahedral
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coordinated manganese ions within the spinel lattice. The magnetic properties are strongly influenced by
such variation in the cation distribution as M; increased (65.7 emu/g) for the sample with the lower
inversion degree. In contrast, Ty is increased for the nanocrystals with the higher inversion degree in
accordance with the enhancement in the superexchange interactions. The hydrophobic MnFe,O4, MNPs
converted to hydrophilic via CTAB and their NMR relaxivity and hyperthermia effects have been
evaluated. Sample S2 with the higher magnetization showed a considerable high r, (345.5 mM ' s7")
contrast effect while specific loss power of both samples found concentration dependent. Even in low
concentration the nanocrystals produced effective heat response to the external field, while the high
magnetization of sample S2 and the lower hydrodynamic size translated to a high heating ability (286
W/g). These results encouraged us to investigate further the potential multifunctional theranostic

efficiency of the prepared MnFe,O4, MNPs.
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Graphical abstract

[Mng 55Feg 5,14 (MNg 55Fe, 75)°0, [Mng ssFeq.22] (Mg 4,Fey 55)°04

VA M= 54.6 emu/g [€Mn
"2 4 6 8 10 ©Fe
R (A)

MnFe,04 nanoparticles of low inversion degree present optimized magnetization with
high (T,) relaxation (345.5 s'mM™) and heating efficiency (286 W/g).




