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Functionalization of MnFe,0, magnetic nanoparticles for biomedical
applications in magnetic fluid
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The properties of magnetic nanoparticles (MNP) MnFe,04 synthesized by the polyol method and then
functionalized with 3-aminopropyltriethoxysilane (APTES) have been studied. The aim of the work is to create
MNCs for magnetic fluid in biomedical applications, in particular for magnetic hyperthermic therapy of malignant
tumors. The properties of the obtained particles were studied using X-ray diffraction and Mossbauer spectroscopy,
which confirmed the single-phase nature of both MnFe,O4 MNP and functionalized MnFe, O4s@APTES composites.
From the structural analysis, it was found that the average size of the synthesized particles is ~ 13 nm, which is
consistent with the data of the Messbauro studies. Magnetic and Mossbauer studies have shown that both MnFe,O4
MNPCS and MnFe,O4s@APTES composites are superparamagnetic at room temperature. The functionalization
(coating) of particles leads to a decrease in the effective magnetic field values compared to those observed in
MnFe,O4 without coating, which is consistent with published data on a decrease in the magnetization of the
MnFe;O4@APTES composite. The decrease in magnetization and effective fields is explained by the fact that
when MnFe,04 MNP is functionalized, the APTES material covers the surface layer of particles and magnetic
dipole interactions decrease.
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1. Introduction

Currently the magnetic nanoparticles for biomedicine
applications are widely studied (MNP): target delivery of
medicines, magneto-resonance tomography, cells separation,
tissues recovery and magnetic hyperthermia. Magnetic
hyperthermia (MH) treatment of malignant tumors is one
of the key branches of MNP use in medicine. The MH
idea is that MNP as part of magnetic fluid is entered into
the target affected organ. When the external magnetic field
is applied with frequency and intensity safe for a living
body the MHPs are heated to the temperatures of 43—46°C
and the apoptosis (cell death) of malignant cells occurs
while healthy cells remain safe under these temperatures.
According to the studies, the magnetic hyperthermia with
the use of magnetic particles is an efficient method of
treating malignant tumors [1-3]. Therefore, the search and
development of MNP with biological compatibility, high
heat output and limiting the heat temperature to no more
than 46°C, is the key task for the researchers.

In development of MNP for biomedical applications, as
well as for MH, the highest attention was paid to ferrite
spinels (FS) with a general formula M?*Fe3*0;~, where
M?2* are bivalent metal ions (Ni, Cu, Co, Mn and etc.) [4-7]
since, compared to iron oxides, they have higher mag-

netic characteristics and the better chemical stability [6,7].
Magnetic properties of the ferrite spinels are formed due
to super-exchange interactions through the oxygen ions of
non-equivalent tetrahedral (A) and octahedral (B) positions.
These are the exchange interactions of A—B ions, as well
as B—B and A—A. In this regard, it is considered that
magnetic characteristics of FS can be controlled through
changes in cations distribution in A and B positions using
various synthesis technologies. Extensive studies of SF
MNPs have demonstrated that synthesis methods have
significant effect not only on particle sizes and an SF
structure, but on electric, optic and magnetic SF properties,
such as magnetization, anisotropy, coercive and hyperfine
fields [3-7], and allow to obtain SF MNPs with required
specific properties [4-13].

Manganese ferrite (MnFe;O4) among the ferrite spinels
has the best characteristics for MH and provide better MRT
images contrast [14,15]. These characteristics include high
chemical stability, catalyst activity and specific heat capacity,
wide occurrence in nature, low melting temperature and
low magnetocrystalline anisotropy. High biocompatibility
of Manganese ferrite is explained by the presence of ions
Mn2* because Manganese is required in the average amount
of 221 mg a day for a human body [15]. Moreover, owing
to high colloidal dispersability in physiological liquids the
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magnetic nano-particles MnFe,O4 are especially perspective
for biomedicine [4-13,16]. The key issue is the possibility
of controlling the Manganese ferrite properties, using tech-
nological synthesis, and, thus, obtaining MnFe,O4 particles
with the required properties.

To get the ferrite spinels MNPs of appropriate size and
shape they use such methods as co-deposition, sol-gel,
microwave oven, grinding in ball mill, burning, polyol and
hydro-thermal methods [17]. The use of polyol method
is explained by simplicity of synthesis, better particles
dimensions control and dimensional distribution. In polyol
method diethylene glycol often plays the role of a reducer,
high-boiling solvent and stabilizer for prevention of inter-
particle aggregation.

For biomedical applications and compatibility with a
living body the surfaces of FS particles may be easily
modified and/or appropriately functionalized [17]. More-
over, colloidal MNP mixtures and liquids are used in
biomedicine. For this purpose, the MNPs are coated
with a surfactant to enhance colloidal stability, minimize
toxicity, prevent formation of clusters, extend the shelf
life and improve compatibility between the nanoparticles
and aqueous medium [17-21]. The surfactants generate a
layer on the surface with efficient repulsion force between
the particles, thus, improving stability in aqueous media.
MNP coating material (trithoxysilane—APTES) is used
due to its biocompatibility, small toxicity and presence of
functional amino-groups for binding of various bioactive
molecules [16-21].

Thus, there is plenty of papers for studying the impact of
the coating on MNP properties. However, there are still no
papers outlining the investigation of properties of the func-
tionalized MNPs in direct comparison with those observed
in the uncoated particles. Such studies could significantly ex-
pand our interpretation of modification (coating) impact on
crystallographic and magnet characteristics of composites.
In this regard, this paper outlines the findings of studying the
properties of functionalized particles MnFe,O4@APTES in
direct comparison with properties of initial MNP MnFe,0O4
and influence of coating on parameters of magnetic nano-
composites (MNC) MnFe,O4@APTES.

2. Synthesis of MNP MnFe,0, and
nano-composites MnFe,0,@APTES

2.1. Materials

Analytical pure chemicals such as Manganese acetate
{Mn(CH3COO),}, iron chloride {FeCls}, diethylene glycol,
sodium acetate, ethanol and ethyl acetate were used
in synthesis of MNP MnFe,O4 and nano-composites
MnFe,O4@APTES.

2.2. Synthesis of MNP MnFe;0,

Nanoparticles MnFe,O4 were synthesized using simple
low-temperature polyol method [16].  Polyol method

implies a forced hydrolysis of ion metal salts in polyol,
such as diethylene glycol. Diethylene glycol acts as a
high boiling solvent, reducer and stabilizer inhibiting the
aggregation [22,23]. For synthesis of nanoparticles MnFe,O4
the mixture of Mn(CH3COO), (6 mmol), FeCls (12 mmol
was dissolved in 40 mL of diethylene glycol and vigorously
stirred for 20 min, after which sodium acetate was added.
The resulting mixture was boiled for 3h with reverse
cooling at a temperature of 210°C. Black colloidal particles
were precipitated in the round-bottom flask and cooled at
room temperature. The synthesized MNP were several
times washed in a mixture of ethanol and ethyl-acetate in
the ratio of 1:2 and separated by method of magnetic
decantation. =~ The obtained MNP were dried at room
temperature.

2.3. Synthesis of nano-composites
MnFe,O,@APTES

To  functionalize  the  particles and  obtain
MnFe,O4@APTES the surface of MNP MnFe,O4 was
coated by 3-aminopropyltriecthoxysilane (APTES) through
the silanization reaction. For this purpose the nanoparticles
MnFe,04 were dispersed in a mixture of ethanol and water.
The mixture was exposed to the action of ultrasound to get
a homogeneous dispersion and 2ml of APTES was added
at a maintained temperature of 40°C in the steam chamber.
After stirring of such mixture for 2h the particles were
separated by method of magnetic decantation and dried at
room temperature [24].

3. Investigation techniques

X-ray diffractometer (Rigaku MiniFlex 600) with Cu-Ka
(2 = 1.5406 A) and emission range 20 from 20 to 80° was
used for the structural analysis and phase identification of
obtained magnetic nanoparticles. The phase composition of
the synthesized MnFe,O4 MNPs and crystallite sizes were
determined by an X-ray diffraction profile using powder
diffractometer (XRD Shimadzu-6100) with emission Cu-Ka
and wavelength 1.542 A.

Due to high sensitivity of Mossbauer effect to the nuclear
hyperfine interactions it is possible to make an unambiguous
identification of iron oxides, which have very close values
of the crystal lattice constants, which is unavailable in
other procedures [9,25-28]. The Mossbauer studies of
the magnetic structure and phase state of the synthesized
materials were carried out using a spectrometer with
recording y-quanta from the source of Co>’(Rh) in a sample
transmission geometry. In order to measure the Mossbauer
effect, the samples were packed in a plastic container so
as to avoid interaction with the environment. Motion of
y-quanta °’Co source with an activity of 50mCi in the
Rhodium matrix in a Doppler modulator of the spectrome-
ter was controlled via a triangular reference signal to specify
a constant-acceleration speed. The velocity scale was
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calibrated by a a-Fe foil with a thickness of 6 um at room
temperature. The experimental Mossbauer spectra (MS) of
MnFe,04 MNP and MnFe,O4@APTES composites were
mathematically processed by a special software [29], which
describes spectrum lines by Lorentz-shaped peaks using the
method of least squares. Divergence of the theoretical values
of the HFI parameters is determined from the statistical
deviations. The software procedure of chi-square functional
minimization (x?) include searching optimal values of the
parameters, particularly, a width, intensities and positions
of the spectrum lines. Using the positions of the spectrum
lines, the parameters of the hyperfine interactions (HFI) are
calculated: IS — isomeric shift of Mossbauer lines, QS —
quadrupole splitting, Heff — effective magnetic field.

4. Results and discussion

4.1. X-ray diffraction analysis

X-ray diffraction patterns (XDP) of MNP MnFe,04 and
MNC MnFe,O4@APTES are shown in Figure 1. It worth
noting that the obtained XRD are similar to those published
for MnFe,;Oy4 in [15,30]. The obtained values of the lattice
parameter for the nanoparticlesMnFe,O4 equal to 8.346 A
are consistent with the data from papers (e.g., see [31]).
The diffraction peaks shown in Figure 1 correspond to the
planes (220), (311), (400), (511) and (440) and indicate
that the structure of studied particles corresponds to a
cubic spinel MnFe,;0O4 and is consistent with cards JCPDS
Ne 73-1964, JCPDS Ne 10-0319 and Ne 74-2403. Full width
at half maximum (FWHM) of the most intensive peak (311)
was used for calculation of the average size crystallites
of magnetic nanoparticles from Scherrer formula [32,33].
From the analysis we may see that the size of crystallites
MnFe,04 is 8—10nm, which is consistent with findings
from paper [16).

XRD (Figure 1) prove that the reverse spinel (Fd3m)
has cubic structure for both samples. The lattice constant
was 8.346 A and was calculated allowing for single phase
for both samples. From the X-ray patterns we may make
a conclusion that APTES coating doesn’t influence the
crystallite structure of particles MnFe,O4. However, in case
of composites MnFe,O4@APTES the widths of lines are
higher than for MnFe,0y4, and intensities go down.

4.2. Experimental Mossbauer spectra of MNP
MnFe;04 and MNC MnFe,O0,@APTES

Mossbauer spectroscopy (MSp) — a unique method
based on non-redundant resonant absorption of y emission
is a probe for both, the structure and magnetism at the
local level [25-28]. High selectivity of MSp to Fe?* and
Fe3t ions, to the environment of Fe atoms, allows extracting
information about the structure, valence state, stoichiom-
etry, types of coordination and magnetic ordering, phase
transitions and phase components. MSp unambiguously
identifies iron oxides (hematite, magnetite, maghemite, etc.),
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Figure 1. X-ray diffraction patterns of MnFe;O4 MNP (a) and
MnFe;O4@APTES composites (b).

which is not available for other known methods. The short
measurement time 10~8s) makes the MSp sensitive to the
relaxation effects.

Maossbauer spectra (MS) registered at 300, 80 and 300 K
with imposition of external magnetic field for MnFe,O4
MNP and MnFe,O4@APTES composites are given in
Figure 2. As we may see in Figure 2 the Mossbauer spectra
are composed of wide lines of Zeeman sextuplets (ZS), the
intensity of which decreases towards zero speed, thus, sig-
nificantly complicating the analysis of experimental spectra.
Therefore, to process the experimental MS of MNP and
composites we used matching of model components with
experimental values [29]. Analysis of MS makes it possible
to find the components of sextuplets (and doublets) and
draw conclusions about the belonging of these components
to the corresponding iron oxides and positions of Fe ions
in the crystal lattice [25-28]. The difference between the
experimental and model values is minimal and is shown
above each spectrum. Deviation value (x2) of the model
components used to describe experimental MS determines
the accuracy of matching, which in our cases was in the
range from 1.1 to 1.2, which indicates a good match of
the models used with experimental data and, consequently,
the reliability of such processing. The experimental values
of MS (Figure 2) are shown by dots, and the model
components obtained by mathematical processing of MS
using dedicated program [29] are shown by solid lines. By
using positions of spectral lines of MS in MNP MnFe,04
and MNC MnFe;O4@APTES the parameters of hyper-
fine interactions (HFI) were analyzed: isomeric shifts (IS),
quadruple splits (QS), effective fields (Heff), given in
Tables 1 and 2, respectively. Restored from MS (Figure 2)
the probability functions of distribution of effective magnetic
fields P(Heff) are given in Figure 3.

In Mossbauer spectroscopy Fe3* and Fe?* ions are un-
ambiguously identified by their chemical shifts which make
~ 0.2 +0.5mm/s and ~ 0.9 = 1.1 mm/s, respectively [34].
Table 2 shows that the values of IS are within the range
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Table 1. The widths of the first and sixth lines (G) of Zeeman splitting, as well as values of isomer shifts (IS), quadrupolar splitting (QS),
effective magnetic fields (Heff) and areas of components (In) for Fe ions in tetrahedral (A) and octahedral (B) positions and doublets (D)
in MNP MnFe,;04, at T = 300K and 80K, as well as at 300K in the external magnetic field with intensity 0.17 T

MnFe;04At | Components G (mm/s) IS (mm/s) QS (mm/s) Heff (T) In (%)

A 0.372 4/ —0.000 | 0.339+/—0.007 | 0.010+/—0.014 | 49.43+/—0.06 8

B1 0.488 +/—0.053 | 0.330+/—0.005 | 0.007+/—0.009 | 47.76 +/ —0.07 16

300K B2 0.734+/ —0.112 | 0.371+/—0.007 | 0.012+/—0.014 | 45.30 + / — 0.19 20
S 1.390 +/ —0.091 | 0.417+/—0.015 | 0.024+/ —0.026 | 40.84 +/ —0.31 40

D 1.180 +/—0.119 | 0.338+/—0.010 | 0.722+ / —0.029 - 16

A 0.460 +/ —0.028 | 0.398 +/ —0.005 | 0.008 +/ —0.011 | 50.67 +/ —0.07 17

B1 0.509 4+ / —0.000 | 0.370+/—0.005 | 0.002+/—0.010 | 48.82+/—0.07 20

80K B2 0.576 +/ —0.000 | 0.394+/—0.010 | 0.009+/ —0.021 | 46.22+/—0.13 13
S 1.418 4/ —0.154 | 0.494+/—0.020 | 0.025+/—0.036 | 42.06+/ —0.36 44

D 0.790 + / — 0.127 | 0.416+/—0.022 | 0.665+ / — 0.049 - 7

A 0.388 4/ —0.000 | 0.336+/—0.005 | 0.010+/—0.010 | 49.04+/—0.04 15

300K B1 0.528 +/—0.000 | 0.333+/—0.007 | 0.003+/—0.014 | 47.33+/—0.06 21
In MF B2 0.819+4/—0.000 | 0.360+ / —0.019 | 0.070 +/ —0.037 | 44.06 4+ / —0.11 18
S 1.730 +/ — 0.152 | 0.465+4/—0.027 | 0.014+/ —0.044 | 38.95+/—0.38 41

D 0.935+/—-0.245 | 0.230+/—0.034 | 0.707 4+ / —0.093 - 5

Table 2. The widths of the first and sixth lines (G) of Zeeman splitting, as well as values of isomer shifts (IS), quadrupolar splitting (QS),
effective magnetic fields (Heff) and areas of Zeeman sextiplets (S) for Fe ions in tetrahedral (A) and octahedral (B) positions and
doublets (D) in composite MnFe, O4@APTES at T = 300K and 80K, as well as at 300K in the external magnetic field with an intensity

of 0.17T

MnFe;O4@APTES at | Components G (mm/s) IS (mm/s) QS (mm/s) Heff (T) In (%)

A 0.501 4+ / —0.000 | 0.319+/—0.006 | 0.031+/—0.011 | 48.88 4/ —0.05 14

B1 0.594 +/ —0.000 | 0.321 + / —0.006 | 0.027 4+ / —0.012 | 46.59 + / —0.08 17

300K B2 0.677 4/ —0.000 | 0.342+/ —0.009 | 0.033+/—0.019 | 43.32+/—0.11 13
B3 0.896 4+ / —0.000 | 0.993 +/ —0.024 | 1.276 + / —0.043 | 39.63 + / —0.20 9

S 1.969 +/ —0.000 | 0.488 + / —0.050 | 0.391+ / —0.096 | 36.50 + / — 0.36 45

D 0.520 + / — 0.105 | 0.016 + / —0.030 | 0.377 4+ / — 0.055 - 2

A 0.391 4/ —0.000 | 0.396+ / —0.012 | 0.006 + / —0.023 | 51.09 + / —0.10 13

20K B1 0.444 +/ —0.000 | 0.377+ / —0.009 | 0.029 +/ —0.018 | 49.18 +/ —0.11 19
B2 0.547 4+ / —0.000 | 0.354+ / —0.020 | 0.009 + / —0.040 | 46.65+ / —0.26 12

S 1.796 + / — 0.261 | 0.397 4/ —0.035 | 0.063 + / —0.059 | 44.38 + / — 0.67 54

A 0.446 + / — 0.000 | 0.339+/ —0.014 | 0.036 + / —0.029 | 48.93 + / —0.06 19

300K B1 0.489 +/ —0.000 | 0.334+ / —0.009 | 0.049 +/ —0.018 | 46.75+/ —0.10 22
In MF B2 0.659 4+ / —0.000 | 0.196 +/ —0.019 | 0.173+ / —0.039 | 43.89+ / —0.18 17
S 1.448 +/ —0.000 | 0.406 + / —0.023 | 0.088 + / —0.043 | 39.55+/—0.30 43
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Figure 2. Mossbauer spectrum of MNP MnFe;04 and MNC MnFe,O4@APTES obtained at 300 and 80K, as well as at 300K in the
externa magnetic field with intensity of 0.17 T. The dots show experimental values, while model components are shown with solid lines.

of 0.2 + 0.4 mm/s, indicating that in the studied MNP only
Fe3* ions are present in the high-spin state.

The impurity phases of the iron oxides should appear
distinctly on MS as additional Zeeman sextuplets (ZS) or
doublets with different HFI parameters. The detection limit
of the secondary phase is about 3at.% of the iron and
any impurity phase even with such an iron quantity can
be easily determined from the Mossbauer spectra. The
analysis of experimental Mossbauer spectra of the studied
particles (Figure2) has not revealed any additional lines.
Thus, there are no impurity phases in the MNPs under
study, which coincides with results of Raman studies [16]
and XRD (Figure 1).

4.3. Experimental Mossbauer spectra of MNP
MnFe;04 and MNC MnFe,0,@APTES in
the absence of external magnetic field

The Mossbauer spectra (MS) of MNP MnFe,O4 obtained
at room temperature without imposition of a magnetic
field are shown in Figure 2. It should be noted that the
experimental spectra of MNP MnFe,;O4 at room tempera-

13* Physics of the Solid State, 2024, Vol. 66, No. 7

ture are equivalent to those mentioned in papers [35-39).
The crystalline structure of ferrite spinels consists of two
non-equivalent positions of Fe ions and the Mossbauer
spectrum of FS shall be delineated by two ZS belonging
to Fe ions in these positions. However, experimental MS
of FS are not delineated by such model. Therefore, the
observed broadening of the ZS lines in MS of ferrite spinels
towards zero rates was explained by the random distribution
of cations by (A) nodes which resulted in formation of
several octahedral [B] positions different in occupation den-
sity [40,41]. Fe ions in (A) nodes of FS have twelve closest
neighbors in [B] positions, therefore they less depend on
random distribution of cations across [B| positions. Fe ions
in [B] positions have only six neighboring cations occupying
(A) nodes, therefore any random distribution of magnetic
cations in (A) nodes has a much more influence on effective
fields of Fe [B] ions of the sub-lattice [40]. Based on the
above, in MNP MnFe,O4 and MNC MnFe,O4@APTES
(Figure 2) Zeeman sextuplet with the highest effective field
was attributed to Fe ions occupying (A) positions in FS
crystalline lattice, while sextuplets with lower values Heff —
were attributed to Fe ions in [B] positions.
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Figure 3. Distribution functions of effective magnetic fields P (Heff) in MNP MnFe,04 and LSM MnFe,O4@APTES restored from
experimental spectra of MNP MnFe;04 and MNC MnFe;O4@APTES using software [29).

On experimental MS of MNP MnFe,04 the lines of
paramagnetic phase with intensity of 16% at 300K, and
7% at 80K were observed, while on MS of MNC
MnFe,O4@APTES the intensity of such line is reduced to
2% at 300K, and at 80K it goes down to zero. Formation of
paramagnetic phase lines can be explained by oxidation of
particlesMnFe,0O4 within the period of time from synthesis
to Mossbauer measurements. MnFe,O4 particles were
functionalized directly after their synthesis, and, hence,
APTES layer on the surface of particles protects MNP from
oxidaton.

The values of effective fields of the functionalized
MNCMnFe,04@APTES are lower than the values obtained
for MNP MnFe,04, which is explained by the influence of
coating on the properties of MnFe,O4 particles. The re-
duced magnetic moment can be interpreted as the influence
of the fine non-magnetic surface layer [42]. Reduced effec-
tive fields are consistent with the decrease of composites
magnetization MnFe;O4@APTES, observed in [16]. As
seen from 2, total width of Zeeman component on MS
of the compositesMnFe,O4@APTES is higher than that for
MnFe, 04 particles. Apparently, due to the particles coating
they are separated by the surface layer and both, their

mechanical and magnetic bonds between MNP become
loose [42]. This results in enhancement of relaxation
effects [43). We may suggest that magnetic blocking occurs
not because of super-paramagnetic relaxation of the non-
interacting particles but due to ordering of the interacting
magnetic moments.

Apart from ZS, belonging to Fe ions in (A) and [B] po-
sitions, on MS (Figure 2) we may see the sextuplets with
sufficiently high widths of the lines (Table 1) and lower Heff
values, than for (A) and [B] ions. Similar MS were observed
in [34-39,44-51], however, the way such sextuplet was
formed was explained differently. In [44] the sextuplets with
significantly larger widths of Zeeman lines were attributed
to small accumulations of Fe ions during grinding, but no
signs of such an accumulation were observed on the XRD.
The occurrence of a sextuplet of S type is explained by the
distribution of Fe and Mn ions over the sub-lattices [45] or
by relaxation effects in [44-48]. The Mossbauer spectra of
magnetite featuring Zeeman sextuplet with wide lines were
delineated by the use of three sextuplets [52], two of which
were linked with A and B positions. The formation of third
sextuplet with low effective magnetic field was explained by
potential magnetic interactions between the particles.

Physics of the Solid State, 2024, Vol. 66, No. 7
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When moving from macro-crystals to the nanoscale
particles the surface/volume ratio significantly rises. Thus,
there are approximately 0.15, 20 and 60% of the atoms of
the composition, respectively, in particles with a diameter
of lum, 6nm and 1.6nm on the surface [53]. Thus, in
formation of MNP properties the role of Fe ions located
in the surface layer of particles becomes more essential.
This is the reason for significant differences between the
MS of large and small particles [54-56] and, as suggested
in [57,58], it can form spin-glass or ,,dead-magnetic phase.

Thus, the sextuplet observed on MS, with the lines
width much higher compared to the other lines, was
explained by exclusive role of the surface. The existence
of an anisotropic layer on the surface in ferromagnetic
crystals was theoretically predicted by L. Neel in 1954. [59].
Experimental studies of the properties of the surface layer
attracted attention much later (see [60,61] and references),
and the studies were conducted on thin films and nanoscale
powders, because the surface/volume ratio in these materials
is increased multiply and the surface spins of Fe ions
become dominant in formation of the film or particle
properties in whole. The first evidence of the skewed state
phenomenon of spin moments in particles was obtained
in Mossbauer studies in strong magnetic fields [25,62].
Further, the surface properties were studied using thin
powders or films [25]. However, such studies are extremely
complicated, because, for instance, the particles are non
homogenous in dimensions and depend on the fabrication
technology and etc.

New unique opportunities for studying the properties
of macroscopic crystals appeared due to the method
of ,simultaneous gamma, X-ray and electron Mossbauer
spectroscopy (SGXEMS)*, first proposed and implemented
in [63-65]. The uniqueness of the SGXEMS method
is that information about the state of the surface layer
and the volume of the crystal is extracted simultaneously
using the same technique (Mossbauer spectroscopy). This
allows a direct comparison of experimental data of the
properties of the surface and the volume of the crystal.
Later, the SGXEMS method in foreign literature was called
»simultaneous Triple Radiation Mossbauer Spectroscopy
(STRMS)“ [66,67). It was SGXEMS method that first
proved the existence in Fe3BOg crystals of a surface layer
where, when approaching the surface, the magnetic mo-
ments of Fe ions change their orientation [60,61]. This layer
was called a ,transit layer** [60,61]. Using SGXEMS method
such transit“ surface layer was identified in hexagonal
ferrites BaFe;;_xScxOj19 and SrFej;_xAlxOj9, where part
of Fe ions was substituted by the diamagnetic Sc and
Al ions, respectively. The input of diamagnetic ions result
in additional (present due to the surface) breakage of super-
exchange bonds [68-72]. Consequently, the surface and
diamagnetic ions lead to significant changes in the super-
exchange interactions of Fe ions occupying positions in
the surface and near-surface layers. It can be argued that
moments orientation offset from the direction in volume
observed in the surface layer of macrocrystals should be
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preserved when the size of the macrocrystals decreases to
nanodimensions.

The large line widths of S component suggest that the S
sextuplet is formed by Fe ions located on the surface and
in the near-surface layer of MNP, in which the presence
of the surface led to the loss of more magnetic neighbors
and, consequently, super-exchange bonds than in the ions
in the particle volume. An additional contribution to the
sextuplet S may come from the same Fe ions of the surface
and near-surface layer, which, due to the loss of part of the
super-exchange interactions, are transformed into the super-
paramagnetic state at temperatures lower than the ions in
the volume of the particle.

It should be noted that the state with different magnetic
structures of the volume and the surface layer in the SF
MNP cannot be observed by other methods other than
Mossbauer spectroscopy. This is explained by the fact that
SF MNP are single-phase, well crystallized, and consist
of a single material. This distinguishes SF particles from
core/shell composites, in which the core and shell are
made of different magnets, for example, magnetite and
maghemite [73].

4.4. Mossbauer studies of MNP MnFe,04 and
composites MnFe,0,@APTES at room
temperature in the external magnetic field
with a strength of 0.17T

The use of external magnetic fields allowed to signifi-
cantly broaden the knowledge obtained through Mossbauer
spectroscopy. Due to Mossbauer measurements in the
strong external magnetic fields (EMF), with a strength of
dozens of kOe, the direct evidence was obtained concerning
existence in MNP of a skewed structure of magnetic
moments of Fe ions [25,74,75] as described by Yapheth-
Kittel model [76]. The data on distribution of ions in FS
sub-lattices also can be obtained from the Mossbauer studies
in strong EMF [25].

The importance of studies of weak magnetic fields
(units of kOe or less) influence on MNP properties, that
started in late 60s [77,78] is necessitated by the need of
investigating the MNP properties impacted by weak external
magnetic fields used in hyperthermia treatment of malignant
tumors [18]. In theoretical insights, it was shown that
the Mossbauer spectroscopy with the superimposition of
weak EMFs (with a strength of hundreds Oe) allows us
to study the dynamic effects associated with the processes
of fluctuation of the magnetic moment and transition to
the paramagnetic state, since EMF stabilizes the ultrafine
structure of a superparamagnet and increases the spin
relaxation time (see, for example, [43,57,79]).

Figure 2 shows the MS of MNPMnFe,04 and MNC
MnFe;O4@APTES obtained at room temperature in the
external magnetic field with a strength of 0.17 T, oriented
parallel to the gamma-emission beam. From experimental
MS of the studied particles given in Figure 2, we calculated
the HFI parameters given in Tables 1 and 2.
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As seen from Figure 2, when EMF is imposed on MS
a significant decrease in intensity of the first and fifth ZS
lines is observed, because EMF is oriented parallel to the
gamma-radiation beam. Large widths of MS lines of the
studied particles in EMF also imply the distribution of
Heff, because of different environment of Fe3* ions. The
imposition of a magnetic field with a strength of 0.17T
leads to stabilization, but not to complete suppression of
superparamagnetic behavior in the studied samples.

The presence on MS, obtained in magnetic fields of both,
MNP MnFe;04, and MNC MnFe,O4@APTES, of the lines
denoted as S, also indicates that the studied particles have
a core/shell type structure as outlined above. At that, these
particles are in a superparamagnetic state, which is required
for hyperthermic treatment of malignant tumors.

On the MS of the functionalized particles
MnFe,04@APTES as well as MnFe,O4 particles there is
observed an asymmetric increase of the lines widths of rates
zero (Figure 2), however, as can be seen from Tables 1
and 2, the values Heff for the functionalized particles
at room temperature were reduced. The functionalized
MnFe,04 particles as was found in [16] result in decrease
of saturation magnetization (Ms), similar to Heff. This is
due to the fact that the coating of particles makes them
isolated from each other, and, hence, leads to loosened
exchange interactions between the particles, decreased
effective fields and enhanced relaxation effects.

4.5. Analysis of distribution functions H eff of
MnFe;04, MNP and MnFe;0,@ MNC APTES

Because of local inhomogeneities of the cations distri-
bution the sextuplets with Zeeman lines resolution are
absent on MS. At that, the use of Lorentz lines in the
analysis of curves of effective magnetic fields P(Heff)
distribution is not efficient. In such cases, the most reliable
method is MS processing using the Voigt function as a
spectral line [80,81], Therefore, to restore P(Heff) function
from experimental MS the Voigt function was used as a
spectral line in program [29]. The probability functions of
effective magnetic fields P(Heff) distribution, obtained from
experimental MS, are shown in Figure 3.

Comparison of dependencies of hyperfine magnetic fields
(Heff) distribution in samples with coating and in uncoated
samples under various measurement conditions enables us
to make the following conclusions. An uncoated sample is
featuring not only a narrower distribution of hyperfine mag-
netic fields, but the maximum of their distribution is shifted
towards higher magnetic fields. This can be explained by the
fact that the functionalized composites MnFe,O4@APTES
are isolated from each other by a coating layer which leads
to loosened exchange interactions between the particles,
decreased effective fields and enhanced relaxation effects.

The observed maximum in the area of small fields
corresponds to the paramagnetic phase and its share is the
highest for the uncoated particles. This contribution can
be interpreted as a share of Fe ions in the paramagnetic

state in the surface layer of uncoated particles formed
on the surface of initial particles during absorption of
oxygen, hydrogen and carbon atoms. This layer prevents the
particle volume from further oxidation. At the same time
the distribution functions Heff for coated particles have a
narrower distribution compared to MNPMnFe;04, and full
absence of the paramagnetic component.

Wider distribution of hyperfine magnetic fields for the un-
coated particles can be explained by the presence of higher
thermal fluctuations of Fe ions magnetic moments, the
fluctuation rate of which is comparable with life period of
the core in excited state (~ 1078 + 10~ s). This conclusion
is well proved by measurements at the temperature of liquid
nitrogen (Figure 2). In this case the distributions of the
hyper-fine structure practically coincide. This indicates an
extensive attenuation of thermal fluctuations (perturbations).
Though, for the uncoated particles there still remains
the paramagnetic component, however it is significantly
reduced. This may imply the stabilization of the particle’s
magnetic system by the action of external magnetic field
and the growth of magnetic component influence from the
,core of the particle to the near-surface layer.

Measurements with application of at least a small outer
magnetic field (H~ 0.17T) would have demonstrated
how the induced magnetic anisotropy impacts the thermal
fluctuations stabilization even at a temperature of 300K
(Figure 2). It turned out that outer magnetic field stabilizes
the particles magnetic system no worse than the influence
of particles cooling down to a temperature of 80 K.

5. Conclusion

The nanoparticles MnFe,O4 and functionalized nano-
composites MnFe,O4@APTES obtained by polyol method
have been studied to understand the mechanism of
coating effect on MNP properties and to develop the
liquid-dispersible surface-modified bio-compatible magnetic
nanoparticles for the biomedicine purposes.

X-ray diffraction patterns and Mossbauer spectra showed
that both, the synthesized MNPs MnFe,O4 and the com-
posites MnFe,O4@APTES are single-phase and have no
foreign impurities. The coating leads to reduction of
effective magnetic fields (Heff), which is consistent with
the decrease of saturation magnetization (Ms) observed
in [16]. Presence of coatings on particles MnFe;O4 was
proved by Raman-scattering spectroscopy [16]. Decrease of
Heff and Ms saturation of composite MnFe,O4@APTES
is explained by the fact that APTES covers the surface
layer of particles and results in attenuation of magnetic
dipole interactions. It is established that MnFe,O4@APTES
composites are in the super-magnetic state and have high
saturation magnetization and, as shown in [16], feature
maximal specific absorption rate because the molecules of
APTES surface layer separate the particles reducing both,
the mechanical and magnetic bonds between the particles.
Thus, the functionalized MNP and formed nano-composites
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MnFe,04@APTES are perspective for use as heat sources
in magnetic hyperthermia treatment of malignant tumors
even at low concentration of particles in magnetic liquid.
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