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Study of magnetic iron oxide nanoparticles coated with silicon oxide

by ferromagnetic method
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Magnetic nanoparticles of magnetite with a size of ~ 8 nm synthesized with a different type of coating were
studied by ferromagnetic resonance in the temperature range from 7 to 300 K. The features of the experimental
temperature dependences of the parameters of the ferromagnetic resonance curve (the magnitude of the resonant
field, line width and intensity) and their approximation allowed us to estimate the values of characteristic
temperatures. Firstly, the value of the Vervey temperature and the dependence of its value on the type of coating
were determined. Secondly, the temperature of transition of nanoparticles to the superparamagnetic state (blocking
temperature) and the temperature range within which the magnetic structure of the outer shell of the magnetic

nanoparticle is in the spin glass state are established
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1. Introduction

Magnetic iron oxide nanoparticles coated with inert
materials are promising materials for various applications [1].
They exhibit an optimum ratio between a number of
characteristics — sufficiently high magnetization, low chem-
ical activity and good biocompatibility. Recently, these
particles have been intensively studied for their application
in biomedicine, in particular for cell capture and transfer in
magnetic separation.

Magnetic cell separation in vitro using magnetic particles
is one promising way to obtain individual cell types and
subclones from a mixture [2]. An undeniable advantage
of this technique is that antibodies bound to magnetic
particles can interact with cells in suspension throughout
the volume, attaching to them and subsequently entraining
them in the magnetic field. In this case, a number
of requirements [3,4] to the structure of the antibody
nanoparticle. These include, firstly, a preferable range of
particle sizes — from hundreds of nanometres to several
micrometres, to prevent penetration of the particle into
the cell and to maintain a high surface area to volume
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ratio. Secondly, the mass and magnetic parameters of the
nanoparticle (dipole-dipole interaction between individual
particles, blocking temperature, magnetic anisotropy of the
individual particle) should facilitate its movement within
the required separation time and interaction with the cell.
Thirdly, the magnetic core requires an inert coating to
prevent chemically active iron oxide from affecting cellular
processes, and the presence of functionally active groups on
the surface of the coating to immobilize antibodies specific
to the desired celltype.

The determination of the magnetic parameters of
nanoscale powders is often carried out using static

methods.  In particularly, by measuring the temper-
ature dependences of magnetization in two cooling
modes — at zero (ZFC) and at non-zero (FC) mag-

netic field. The use of nanoparticles in exposure to
high-frequency magnetic fields in biomedicine necessitates
comprehensive research with both static and dynamic
methods [5-7].

This paper presents the results of a study of magnetite
nanoparticles by dynamic methods in a wide temperature
range.
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Figure 1. TEM images of magnetic nanoparticles and their size distribution as well as microdiffraction images for uncoated (a), coated

with TEOS (b) and double coated with TEOS + APTES (c) powders.

2. Experiment procedure

Magnetic nanoparticles were obtained by chemical co-
precipitation of iron salts FeCl; and FeCl, in a molar ratio
of 2:1 in aqueous solution. For this purpose, 500 mg of
the salt mixture was dissolved in 92 ml distilled water and
stirred on a mechanical stirrer for 10 min. Then, 8 ml of
a 25% aqueous ammonia solution was injected into the
solution and incubated under constant stirring for another
30min. The final pH value after adding aqueous ammonia
was 10—11. The resulting magnetic sludge was collected
with a neodymium magnet and washed with distilled water
to neutral pH (4 fold by 100 ul).

Two types of coating were used to encapsulate the
particles.  First — single layer silicon oxide coating
through the use of tetraethoxysilane (TEOS) in the synthesis
process. In the second case, magnetite nanoparticles were
coated in two layers — with tetracthoxysilane (TEOS) and
3-aminopropyltriethoxysilane (APTES) — to form a silicate
shell containing free amino groups on the surface.

For silicon oxide coating, 20 mg of nanoparticles were
suspended in ethanol:water mixture (9:1) and subjected
to ultrasonic disaggregation for 3min. on an ultrasonic
sonicator UZTA-0.4/22-OM ,,Wave“ (Centre for Ultrasound
Technology, Russia). 500ul TEOS was then added drop
by drop to the suspension under continuous mechanical
stirring. It was incubated at room temperature without
stopping stirring, 3h. The resulting particles were washed
three times with distilled water.
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Nanoparticles Fe;O4@SiO, with surface amination were
synthesized in two steps — coating with tetraethoxysil-
icate (TEOS) followed by layering with 3-aminopro-
pyltriethoxysilane (APTES) to obtain denser coating and
avoid structural deformation by excess NH-groups [8].

In the first step, the particles were coated with TEOS
according to the protocol described above, but using 350 ul
coating material instead of 500ul. After washing the
obtained particles, they were resuspended in a mixture of
ethanol: water (ratio 19:1) and under constant stirring at
room temperature were added drop by drop to a mixture
of 80 ul APTES and incubated for another 20 h to complete
the reaction. The particles were then washed three times
with distilled water and stored as a suspension in water.

Structural studies were performed on a Hitachi HT7700
TEM transmission electron microscope.  The average
particle size determined from TEM images is 8 £ 1nm
(Fig. 1).

The ferromagnetic resonance (FMR) curves were
recorded on the equipment of Krasnoyarsk Regional Cen-
ter of Research Equipment of Federal Research Center
»Krasnoyarsk Science Center SB RAS“ (ELEXSYS E580
spectrometer, Bruker, Germany) at pumping frequency of
resonant cavity f = 9.48 GHz (Fig. 2) in the temperature
range from 7 to 300 K.

3. Experimental results

The parameters determined from the experimental FMR
curves are the resonance field Hg, line width AH and
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Powder parameters
Cover type, Ms, G Ko - 1()53’ Characteristic temperatures, K
Temperature range erg/em from fitting HA(T) from fitting AH(T)
Without shell, 7 < T < 100K 262 4.0 180 50 and 180
Without shell, 130 < T < 300K 193 29 240 50 and 220
TEOS, 7 < T < 300K 280 2.7 50, 170 and 220 55 and 210
TEOS + APTES, 7 < T < 300K 204 26 75 and 225 85 and 230
a b The temperature dependence of the AH line width of par-
ticles with a randomly oriented axis of light magnetization
ol 60K o 20K = is described by the expression [9,10]:
£l Er s 2 L L
o alé — w e
gt = Hyes © M= 2 2t l) g0t
S S L V3y &b y L
T T .
§ - g - where @ = 0.01 — attenuation parameter, ¢ = Ky/(Mw),
<L TL AH K — anisotropy constant, L; and L, — Langevin functions,
[ R T R R A & = (w/y)(MsV /kgT), Ms — saturation magnetization,
01 2 3 4 5 6 01 2 3 4 5 6 V — particle volume, kg — Boltzmann constant. The
H, kOe H, kOe anisotropy constant was described by a function of the

Figure 2. Examples of experimental FMR spectra measured for
TEOS coated powders.

intensity Intensity equal to AH-dl/dH (Fig. 2,b). The
temperature dependences of these parameters can be used
to estimate the effective magnetization, the anisotropy
constant, the degree of particle size homogeneity [9,10].
Also, the experimental values of the resonant field Hg made
it possible to determine the field of induced anisotropy
Ha = Hrs — Hgr, where Hrs — the maximum value of
the resonant field, which should coincide with the FMR
field of a uniformly magnetized sphere and is equal to w/y
(y — the hyromagnetic ratio, @ = 2z f ). For monodisperse
particles, the dependence Ha(T) decreases linearly with
temperature, reaching zero at blocking temperature Tg [6,7].
The function HA(T) we used to describe the experimental
values accounted for parameter heterogeneity Tg [11]:

(HA(T) = (Ha() ([ HAT)T (Te)dTa) /([ 1(Te)dTa).

(1)
where (Ha(0)) — the average Ha with T = 0K. A better
agreement with the experimental data (Fig. 3) was achieved
by applying a lognormal distribution function Tg:

f(Tg) = m exp<—ln<%)/20'2>. (2)

Tgo value corresponds to a particular magnetic state in the
particle magnetic subsystem. It turns out that the number of
lognormal modes required to describe the lognormal mode
is determined by the type of coverage. Tgo values for the
samples tested are presented in Table.

form K(T) = Ko (1 + Agexp(—T/To) + Arexp(—T/Tp)). It
should be noted that the choice of characteristic tempe-
ratures (Tgo, To and T;) in determining the fitting curves
of the Ha(T) and AH(T) dependences took into account
the points of extremum and inflection on the temperature
dependences of the intensity (Fig. 3,gA,i). Expres-
sions (1)—(3) allowed to establish Mg, Ko and a number
of characteristic temperatures (Table).

4. Discussion

Ha(T) and AH(T) functions for uncoated powder
were divided into two sections (7 to 120K and 160
to 300K) which were considered by separate fitting curves
(Fig. 3,a,d). The transformation of the HA(T) dependence
observed in the temperature range from 120 to 160K
may be due to a Verwey phase transition. The difference
between the temperature of its occurrence as recorded from
Ha(T) and that found for natural magnetite (125K) may
be due to deviations in stoichiometry [12]. Each of the
lines approximating the dependence Ha(T) of the uncoated
powder when extrapolated to its point of intersection with
the x axis allows two more characteristic temperatures —
180 and 240K, which define the blocking temperature of
the low and high temperature magnetite phase [6,7]. Com-
parable characteristic temperature values for this sample
were obtained from the AH(T) approximation (Table).

The blocking and Verwey transition temperatures of the
encapsulated powders were also estimated using expressions
(1)—(3) to describe the dependencies HA(T) and AH(T).
When identifying the characteristic temperatures, it must be
taken into account that the additional coating causes an even
larger change in the stoichiometry of the outer surface of the
nanoparticle and, as a consequence, there is an even larger
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Figure 3. Experimental values (circles) and calculated curves (lines) HaA(T) (a, b,¢) and AH(T) (d, e f) for uncoated powder (a,d, g),
coated TEOS (b, ¢, 1) and TEOS + APTES (c, f i). The inserts show the lognormal distribution functions Tz used when fitting Ha(T). The

temperature dependencies of the intensity (g 4, i) are also presented.

shift in the phase transition temperature towards larger
values [12]. Thus, the silicon oxide application resulted
in a shift of the Verey temperature Ty to 150—170K,
which is fixed by the inflection point on the experimental
intensity temperature dependence (Fig. 3,4) and by the
characteristic temperature from the approximation curves
Ha(T) and AH(T) (Table). The value of Ty with
additional APTES coating is not identified by inflection
points in the experimental relationships, nor by charac-
teristic temperatures in the approximation. The blocking
temperature for either type of coating was determined
from the characteristic temperatures of the approximation
curves Ha(T) and AH(T) and is 220 + 10K. Another
characteristic temperature 50 & 5K for uncoated powder
and powder coated with TEOS and 80 £+ 5K for powder
coated with APTES was also identified. We assume that

Physics of the Solid State, 2023, Vol. 65, No. 6

it maps the transition of the nanoparticle surface to a spin
glass [7] state.

5. Conclusion

Magnetite nanoparticles with different types of biocom-
patible coatings were studied by ferromagnetic resonance
in the temperature range from 7 to 300K. The size of
the nanoparticles (8 & 1nm) and their morphology were
determined by electron transmission microscopy. Fitting
curves of the experimental values of the anisotropy field Ha
and the line width AH were obtained assuming a lognor-
mal blocking temperature distribution and an exponential
dependence of the anisotropy constant on temperature. The
determination of the fitting parameters was carried out
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taking into account the extremum points registered in the
temperature dependence of the intensity of the FMR curves.

The analytical expressions for Ha(T) and AH(T) allowed
the saturation magnetization MS, the effective value of
the anisotropy constant Ky, the characteristic temperatures
which identify structural and magnetic transformations to be
determined. Regardless of the coating type, the transition
to the super-paramagnetic state occurs at 210 + 10K and
the outer shell of the individual nanoparticle is in the spin
glass state up to 50 £ 10 K. The encapsulation of magnetite
particles with a coating of silicon oxide and NH groups
results in a change in Verwey temperature.
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