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Abstract: The paper is concerned with structural, morphological and magnetic properties of magnetite-
silica magnetic fluids. The granulometric composition of the magnetic fluids was investigated by scan-
ning and transmission electron microscopy, the phase composition was studied by X-ray diffraction
and reflection high-energy electron diffraction, and magnetic properties were studied by vibrating
sample magnetometry. In order to reveal the particle size distribution, dynamic light scattering and
a proposed modification of depolarized dynamic light scattering were employed. The shape and
dimensions of magnetic nanoparticles and also their aggregates are described. While the aspect
ratio for the aggregates was 0.5-0.99, individual nanoparticles had an average aspect ratio of 0.9
and were nearly spherical. The sedimentation stability of a diluted magnetic fluid was also investi-
gated. When the fluids were diluted 200 times, the stability was partially lost, and the nanoparticles
aggregated, thereby forming clusters, and precipitated.

Keywords: magnetic fluid; sedimentation stability; sizes of nanoparticles; dynamic light scattering;
depolarized light scattering; magnetometry; reflection high-energy electron diffraction

1. Introduction

Magnetic fluids have been the subject of scientific research for a long time [1] and are
used in various fields of engineering, including mechanical engineering, mining, and elec-
tronics [2,3], as well as in medical diagnostics [4] and sensing devices [5-7]. The main
qualities that a magnetic fluid must possess are aggregate and sedimentation stability;,
saturation magnetization, and biocompatibility (when used in medicine). An impor-
tant difference between technical requirements to magnetic fluids used in these areas
is the concentration of magnetic particles in their compositions. Typical concentrations
used in alternating magnetic field sensors should be up to 370 mg/mL and higher [8],
in the preparation of polymer composites for electromagnetic shielding they should be
20-80 mg/mL [9], to use acoustic properties of magnetic fluids the concentration should be
1040 mg/mL [10], for the separation of nonmagnetic particles the concentration should be
up to 10 mg/mL [11], as the fuel additive concentrations less than 2 mg/mL are used [12],
and for the use as a contrast agent for magnetic resonance imaging the concentration should
be less than 1 mg/mL [13]. For such a variety of applications [14], the original magnetic
fluids are usually diluted 200 or more times, which can cause violation of the colloidal
solution stability.

In the case of high aggregate stability of a magnetic fluid in the ultrawide range of
concentrations of magnetic particles, the sol-gel method [15] may be used. As shown in [16],
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the study of diluted magnetic fluids prior to their use requires the analysis of particle size
distribution using optical methods, including dynamic light scattering (DLS) [17].

The conventional DLS [18] method does not allow analyzing the shape of magnetic
particles, which necessitates the use of additional research methods, such as scanning
and transmission electron microscopy. To study the sizes of nonspherical nanoparticles
in diluted magnetic fluid it is possible to use the promising depolarized dynamic light
scattering (DDLS) method.

Despite the fact that the DDLS method has been known for at least 30 years, it remains
relevant in the study of colloidal particles. In [19], the method was applied to distinguish
nearly monodisperse hematite spindles with an average length of 280 nm and a minor
axis of 57 nm, coated with a layer of silica of variable thickness, which revealed the par-
ticle aspect ratio between 5 and 2. Characterization of optically anisotropic round Au
nanoparticles and determination of the number-averaged size distribution and polydis-
persity was presented in [20]. The authors of [21] confirmed the colloidal stability of Au
nanoparticles coated with polyvinylpyrrolidone via steric repulsion even under high salt
conditions by the DDLS method. The size and shape of the magnetic nanoparticles were
studied using DDLS in [22]. One of the main problems of studying the parameters of single
magnetic nanoparticles by optical methods is the aggregation of nanoparticles in dilute
magnetic fluids.

In this article, we propose the use of an original modification of the DDLS method to
obtain data not only on the size and shape distribution of aggregates in a magnetic fluid,
but also on individual magnetic particles directly. It is expected that this method will be
promising for studying the structural and morphological properties of nanoparticles in
dilute liquids.

2. Materials and Methods
2.1. Synthesis of Magnetic Fluid

The magnetic fluid was obtained by the original method in accordance with patent
RU2639709 [23]. Ferric chloride (NevaReaktiv, Ltd., Saint Petersburg, Russia) and ferrous
sulfate (NevaReaktiv, Ltd., Saint Petersburg, Russia) were taken in amounts of 2 g and
1 g, respectively, and dissolved in distilled water in a volume of 50 mL. Then, 5 mL of
a 25% aqueous solution of ammonia (NevaReaktiv, Ltd., Saint Petersburg, Russia) and 1 mL
of tetraethylorthosilicate (LenReactiv, JSC, Saint Petersburg, Russia) were added to the
solution, which was then sonicated using an ultrasonic bath UZV-2.8 (Sapphire, Moscow,
Russia) for 30 min. After this, the obtained solution was purified from an excess of ammonia
with a fivefold wash with magnetic separation using a Nd-Fe-B magnet N35 (Magnets
and Systems, Ltd., Saint Petersburg, Russia). The solution was then redispersed using
a Vibra-Cell VCX-130 ultrasound dispenser (Sonics & Materials, Newtown, Connecticut,
USA) at a probe oscillation amplitude of 100% for 10 min. The initial magnetic fluid had
a concentration of 30 mg/mL, and the sample diluted 200 times had a concentration of
0.15 mg/mL.

2.2. Assessment of Physical Characteristics of Magnetic Fluid

The study of the granulometric composition of magnetic fluids was performed with
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). JSM-
5800 (JEOL Corp., Tokyo, Japan) and JEM-1400 (JEOL Corp., Tokyo, Japan) microscopes
were used, respectively. The phase composition of dried magnetic fluid was analyzed
with X-ray diffraction (XRD) by using a diffractometer D2 Phaser (Bruker, Billerica, Mas-
sachusetts, USA) and with reflection high-energy electron diffraction (RHEED) by using
an electronograph EMR-102 (SELMI JSC, Sumy, Ukraine) with an automated registration
system and software developed at Saint Petersburg Electrotechnical University “LETI” at
an accelerating voltage of 75 kV. The software package for radiograph analysis PDXL-2
(Rigaku, Tokyo, Japan) and X-ray diffractogram database PDF-2 (International Center for
Diffraction Data, 2011) were used for spectra processing. The magnetic properties were
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measured with vibrating sample magnetometry (VSM) by using a 7400-S Series instrument
(LakeShore Cryotronics, Inc., Westerville, Ohio, USA) at room temperature. A comparative
analysis of the particle size distribution was conducted with the method of dynamic light
scattering (DLS) with the help of a Photocor Mini device (Photocor, Ltd., Moscow, Russia).
To study sizes and shapes of individual nanoparticles, a method based on the classical
dynamic light scattering, depolarized dynamic light scattering (DDLS), was proposed.

2.3. DLS-Based Original Experimental Technique

In dynamic light scattering, time dependences of the scattering intensity fluctuations
caused by the Brownian motion of macromolecules in solution are measured. That allows
one to measure the diffusion coefficients of different kinds: translational and rotational
movements and internal dynamics [24].

Scattering from independent particles in solution can be represented as a sum of
contributions from individual scatterers. When irradiation with polarized light is used,
the scattered radiation will consist of polarized (polarization vector is perpendicular to the
scattering plane: VV) and depolarized (polarization vector in the scattering plane: VH)
components [25]:

ESVV — Zj E] _ Z] AVVjeiqoje—iaJotl (1)

VH _ VH _ VH ,ig; ,—iwot
E; —ZjEj _ZjA]' e'Pieiwot,

where AjVV and A]-VH are the amplitudes of the polarized and depolarized components of
the scattered light from the jth scattering element, and ¢; are the corresponding phases.
If we take ¢ = 0 at the origin, then

9; = (ko — ko)1 = g1 @)

where q is the scattering wave vector, ko and k; are the wave vectors of the incident and
scattered waves (Figure 1), and r; is the scatterer position. Since the frequency of scattered
radiation is shifted relative to the original frequency insignificantly, then lkol~lks!,
and the magnitude of the scattered light can be written as [26]

. 0 47‘[710 . 0
al = ko ~ i ~ 2lkofsin§ ) = Fsin (), ®

where 6 is the scattering angle, Ag is the light wavelength in the medium, and ny is
the refractive index of the medium (in this case, the solvent). Thus, the polarized and
depolarized components of the scattered radiation can be rewritten as

ESVV — Z] AVVjeiqrj(t)efiw[)t’ (4)

VH _ VH ,iqrj(t) ,—iwpt
E! _ZjAj e ite ,

When isotropic particles in the classical DLS method are considered, only the polarized
component E; is measured and analyzed. To process the scattering signal, we calculate
an autocorrelation function

GW (1) = < E5(t)Es(t +T) >. (5)

GW(7) is called an autocorrelation function of the first kind. In real experiments,
square-law detectors (photoelectron multipliers) are typically used. These detectors cap-
ture fluctuations of the scattered radiation intensity rather than of the field. In this case,
an autocorrelation function of the second kind is calculated as

G (1) = < EL(t)Es(H)EL(t + T)Es(t + T) >. (6)
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In the case when the scattered light is a Gaussian random process, the autocorrelation
function of the second kind will be related to the autocorrelation function of the first kind
by the Siegert relation [26]

G (1) Z‘G(l)(”[) (2 ey @)

This relationship makes it easy to go from the measured G(1) to GM(1) and continue
to work with it. For N identical spherical scatterers, the positions of which are not correlated,
we can rewrite the autocorrelation function in the following form [27]:

G(l)('f) = N‘A‘2< ela(x(1)=1(0)) - p—iwot (8)
For free and isotropic diffusion, this expression is simplified as
GU(7) = N|A|p< e 7Pre seianr, ©)

where Dr is the diffusion coefficient, which, according to the Stokes-Einstein formula, is
defined as follows:

Here, 7 is the viscosity of the medium, kg is the Boltzmann constant, T is the tempera-
ture, and R is the hydrodynamic radius of scatters.

These considerations are sufficient to determine the diffusion coefficients and the sizes
of particles in the equilibrium state. In addition, we can observe the aggregation of the
particles with each other. This allows us to qualitatively characterize the dynamics and
evaluate the composition of the solution. In order to study the parameters of nanoparticles
in solution in more detail, it is necessary to take into account rotational diffusion.

If we depart from the spherical approximation and assume that the scattering ampli-
tudes depend on the orientation of the particles in space A(t) = Ag + A1(t), where A;(t) is a
variable component and Ay is a constant, the expression for the autocorrelation function is
rewritten in the following form:

Gyy V(1) = NABe P17 4 N< A1(0) Ay (1) > DI, (1)

In this expression, the first term is responsible for the ordinary translational diffusion,
and the second term is usually determined by rotational diffusion [28]. For the objects with
rotational symmetry (cylinders, ellipsoids), the autocorrelation function of the polarized
scattering component (V'V) takes the form

va(l) (T) — NA2 [Boe_q2DTT + Bze_(quT+6DR)T + .. :| o iwoT s (q, R)e—qZDTT + SZ(Q; R)e—(qZDT-!-éDR)r, (12)

where 51(g,R) and S5(q,R) are the scattering amplitudes; R in this equation stands for the
particle size (length or radius). The angular dependence of S1(g,R) and S»(g,R) compo-
nents leads to the following observation: in small angles (under our conditions 6 < 60°),
only translational motion contributes significantly to the signal [29]. As the detection angle
increases, the contribution of the rotational motion increases. According to some authors,
angular scattering dependencies should be measured in order to separate the rotational
motion from the translational [30] one. In our study, in order to evaluate simultaneously the
coefficients of translational and rotational diffusion, it is proposed that the autocorrelation
function of the depolarized scattering component be measured additionally:

G (T) = N< AP (0) AP (1) 5= (D1 +6D0T — 5\, (g, R)e~(@Pr+6DR)T (1)

It is seen that the component exclusively responsible for the translational motion is
absent in this function. Thus, the measurement of angular dependences is avoided, and one
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is limited to measuring the polarized and depolarized components. In the experimental
calculation of normalized autocorrelation functions, expressions (12) and (13) can be
rewritten as [31]

Gyy D (1) = Syy (g, R)e”N1712)7, (14)

GYY (1) = Sva(g, R)e ™7,

where
I, = ¢°Dr, (15)

I, = ¢°Dr + 6Dg.

The values of the diffusion coefficients depend on the scatterer shape. We can write
them for ellipsoids with the half-axes R, and R}, [32]:

DT - JBiTF(Rﬂ/ Rb)r

R,
R, .2
1+4/1— (gL
F(Ra, Ry) = L 2 In Rb(Ra)
\/1—(%) Ra
_(Ruy? _
D = BT (2 (R))F(Ra Ry -1 (16)
87ty Ra3 1— (&)4 .
Rq

This method of determining the shape of nanoparticles is called DDLS. It found appli-
cation in studying the parameters of nanorods in a liquid [33], but due to the complexity of
the interpretation of experimental data, it is still not widely used.

In this paper, we propose the following scheme for measuring the polarized and
depolarized components of scattered light (Figure 1). As a source of radiation, we used
a single-mode solid-state laser module with a power of 2.5 mW and a wavelength of 650 nm.
The diaphragm was used to reduce the laser beam size. The radiation was focused by the
aspheric short-focus lens built into the module. The calculated caustic length in the solution
amounted to 5 mm. The scattered radiation was registered under the 90° angle and was
transferred to the photomultiplier by means of an optical fiber. The diaphragms and the
aperture of the single-mode optical fiber determined the angle of view for the scattered
radiation. The photomultiplier with built-in amplifier H11706-01 (Hamamatsu) was used.
The signal for the photomultiplier was digitized by the analog-to-digital converter at
a frequency 50 MHz and processed with a computer. The sampling frequency should not
be less than 40 kHz for nanoparticle size evaluation, which is explained by the typical value
of Doppler shift equal to 1-20 kHz in scattered signals. In this study, the 50 MHz sampling
frequency was used to increase the accuracy of depolarization-related measurements.
The voltage resolution of the converter was equal to 0.03 mV. Discussion about signal-to-
noise ratio provided by the described spectrometer and the parameters of the main elements
are provided in [34]. To separate polarized and depolarized components, two polarizers
were added. The scattered signal was registered for two positions of the output rotating
polarizer-analyzer: vertical polarization (VV component) and horizontal polarization (VH
component). The input polarizer was always in a vertical polarization position.

The calculation of the autocorrelation functions and the selection of the parameters of
their approximation were carried out with the help of the program based on the Tikhonov
regularization method, a detailed description of which can be found in [35]. Autocorrelation
functions were observed during 100 s accumulation time. Each autocorrelation function
was averaged from 50 realizations.
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Figure 1. Laser correlation spectrometer. 1—laser radiation source; 2—aspherical focusing lens;
3—input polarizer; 4—cuvette with the fluid studied; 5—output diaphragms; 6—output rotating
polarizer; 7—focusing lens; 8—optical fiber; 9—photomultiplier; 10— analog-to-digital converter;
11—computer.

3. Results and Discussion
3.1. Physical Characteristics of Magnetic Fluid

Analysis of the SEM and TEM images of a sample obtained from a magnetic fluid
diluted 200 times (Figure 2a,b) by drying its droplet on the substrate showed the presence of
both fine particles with dimensions of the order of 10 nm and their aggregates with dimen-
sions of up to about 100 nm. XRD and RHEED data (Figure 2c,d) confirmed the presence of
only one crystalline phase of magnetite. The obtained results are in good agreement with
the earlier data [16,36,37] on the magnetite—silica colloidal particles. The particle sizes in the
magnetic fluid correspond to a stable colloidal solution with a high zeta potential (at least
30 mV [37]). The large objects observed in Figure 2a,b may be aggregates formed during
dilution and further drying of a droplet of magnetic fluid on the substrate. The loss of stabil-
ity upon dilution is presumably associated with the complex (in comparison with Coulomb
repulsion) mechanisms of stabilization of the silica-based colloids [38,39]. This effect is
expected to be weaker upon substantial dilution [40].

The authors investigated the possibility of using the obtained magnetite-silica nanopar-
ticles in medicine as a negative contrast agent for magnetic resonance imaging [13]. For this
reason, the stability of colloidal solutions of low concentration (about 0.1 mg/mL) was
also studied with a change in ionic strength [37] (since nanoparticles have to be injected
intravenously only in an isotonic buffer solution) and when exposed to a constant magnetic
field [13,37]. Despite the achievement of high stability (according to the sedimentation
analysis data [13] and zeta potential measurements [37]) in distilled water, an increase in
the ionic strength of a solution or a high magnetic field led to a loss of stability within
several hours, which limits the possibility of using the obtained nanoparticles in vivo due
to the high probability of thrombosis.

According to the results obtained with the VSM technique for a liquid sample (Figure 3)
the saturation mass magnetization of the undiluted magnetic fluid with a concentration
of 30 mg/mL is 2.8 emu/g. As was shown in [23], the saturation mass magnetization of
a dried sample is 60 emu/g. The difference between the saturation mass magnetization
of a dried sample and the saturation mass magnetization of pure magnetite, presumably,
may be due to its partial oxidation to maghemite [41], as well as the presence of a nonmag-
netic phase of silicon dioxide in the composition of particles. The resulting sample contains
superparamagnetic nanoparticles, since the shape of the magnetization curve is described
by the Langevin law [42]. The anhysteretic curve shows the absence of magnetostatic
interaction between individual particles [36] and also points to the dimensions of magnetic
particles less than 25 nm [43].
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Figure 2. Physicochemical properties of dried magnetic fluid: (a) scanning electron microscopy image; (b) transmission
electron microscopy image; (¢) X-ray diffraction pattern; (d) reflection high-energy electron diffraction pattern.

Thus, it can be assumed that particle dimensions greater than 50 nm observed in
Figure 2 are aggregates. The particle size distribution in magnetic fluid diluted 200 times
obtained with conventional DLS is shown in Figure 4. According to these data, scatterers
with a radius of about 70 nm make the largest contribution to the scattering, which also
points to the presence of aggregates in a magnetic fluid (I « R®, where I is the scattered light
intensity and R is the scatterer size). Due to the fact that the intensity of light scattering at
the aggregates is much higher [41], measurement with the Photocor Mini does not allow
us to distinguish the signal from individual nanoparticles. The y axis represents the light
scattering intensity I (R) in relative units, which is proportional to particle concentration.
The x axis represents the size R of particles.
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Figure 3. Magnetization reversal curve of the liquid sample of magnetic fluid with a concentration of
30 mg/mL.
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Figure 4. Particle size distribution obtained by conventional DLS technique.

3.2. DLS-Based Original Experimental Data

With the help of the DLS-based original experimental technique [44], the particle size
distribution in a similar sample of a magnetic fluid diluted 200 times was obtained. The first
experiments were performed without taking polarization into account. The result is shown
in Figure 5. The y error was calculated as the confidence interval (CI) computed at the
95% confidence level for M = 10 (number of independent measurements). We detected the
presence of both aggregates with dimensions of the order of 70 nm (radius) and individual
particles with dimensions of about 4 nm in the solution.
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Figure 5. Experimental distribution of particle sizes in magnetic fluid 24 h after dilution. Data are
displayed as mean £ CI, M = 10.

Thus, it can be argued that when the initial magnetic fluid is diluted, there is a loss of
aggregation stability, as a result of which aggregates of large sizes (more than 50 nm) are
formed. The absence of this kind of aggregates in the initial solution is evidenced by its
stability: undiluted magnetic fluid does not form a precipitate, while the diluted sample
is partially precipitated after 5 days. The resulting solution after natural sedimentation
was measured using a DLS-based original experimental technique again. The results are
presented in Figure 6. There was a nearly complete loss of large aggregates from the
solution, while the concentration of individual nanoparticles remained unchanged.

0.10

0.08 H

un.)

5 0.06

| (arb

0.04

0.02

0.00 + T T T T T iv""-'\

2 4 8 16 32 64 128 256
R (nm)

Figure 6. Experimental distribution of particle sizes in magnetic fluid 5 days after dilution. Data are

displayed as mean £ CI, M = 10.

The next step was the characterization with the DDLS method. The autocorrelation
functions of scattered light were measured for two positions of the rotating polarizer VV
and VH. The results are presented in Figure 7. These functions were measured for the
magnetic fluid diluted 200 times at 1 h after dilution (as in Figure 5).
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Figure 7. Autocorrelation functions of scattered light for polarized scattered light (VV), depolarized
scattered light (VH), and without output rotating polarizer.

The similarity of the autocorrelation functions for the polarized and depolarized
scattering components is evidence of the presence of unexpressed particle nonsphericity,
while the difference between these functions and the classical autocorrelation curve shows
that the representation of scatterers in the form of spheres for a given solution is not
completely justified. Using the program based on Tikhonov regularization for processing
experimental data for the polarized and depolarized components [34,35], the parameters
I'yy =T + I'; and I'yy = I', were calculated using Equation (14). The results are shown in
Figures 8 and 9.
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0.02
0.00 T T T

0 10 20 30 40 50 60 70 80
I (kHz)

Figure 8. Calculation of I'yy =T'y + I'p for VV polarization. Data are displayed as mean £ CI, M = 10.

The obtained values of the I'; and I'; indices for the polarized and depolarized compo-
nents of the scattered light were used to calculate the translational and rotational diffusion
coefficients for aggregates of magnetic particles and for single nanoparticles through simple
Equation (15). We employed the iterative nonlinear squares method to calculate the Dt
and Dy, distributions for each I'1 and I', combination.

It was decided to present the magnetic particles in the form of ellipsoids. The radii of
the semi-axes of the ellipsoids were calculated using Equation (16).

The final conclusion about the nonsphericity of nanoparticles was made from the re-
sults of the calculation of the aspect ratio ¢ = d},/d;, where d; = 2R, and dj, = 2R;. The results
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are shown in Table 1 and Figure 10. We detected that both aggregates consisted of several
nanoparticles (the first row in Table 1) and single particles (the second row in Table 1).
In the table, we present intervals of detected particle sizes measured at the level of one-half
of maximal scattering intensity in the peak. The error was calculated as the confidence
interval computed at the 95% confidence level for M = 10.

0.16
0.14—.
0.12—.
0.10—.

0.08

I (arb.un.)

0.06
0.04

0.02

000 +—™i
0 10 20 30 40 50 60 70 80
I (kHz)

Figure 9. Calculation of I'yyy = I'p for VH polarization. Data are displayed as mean + CI, M = 10.

Table 1. Results of the depolarized dynamic light scattering (DDLS) method.
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Figure 10. Sizes of nanoparticles in a magnetic fluid calculated using the theory of polarization scattering.

As shown in Figure 10, the sizes of magnetic nanoparticles and their aggregates are
presented by several peaks, each of which stands for d, and d;, for aggregates and single
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particles. These separate peaks demonstrate a nonspherical shape of nanoparticles and
their aggregates.

4. Conclusions

The optical, structural, phase composition, and magnetic properties of the magnetite-
silica magnetic fluid synthesized from a ferric chloride and ferrous sulfate aqueous solution
were investigated.

The granulometric composition of the magnetic fluid was studied by scanning and
transmission electron microscopy. The magnetic fluid particles were found to be super-
paramagnetic with sizes of about 10 nm. SEM analysis and measurements of magnetic
characteristics without a preliminary dilution or drying were performed for the first time.
The phase composition was evaluated by X-ray diffraction and reflection high-energy elec-
tron diffraction, and magnetic properties were studied by vibrating sample magnetometry.

To study the shape parameters of the particles, the authors developed an improved
method of dynamic light scattering—DDLS. The DDLS method we proposed was used to
investigate coefficients of rotational and translational diffusion of single magnetic nanopar-
ticles and their aggregates for the first time.

Longitudinal and transverse radii of the particle semi-axes were calculated on the
assumption that the particle shape was ellipsoidal. The aspect ratio for the aggregates
calculated by the DDLS method was 0.5-0.99, while individual nanoparticles were nearly
spherical (the average aspect ratio was 0.9).

The results of the study made it possible to describe the shape and sizes of magnetic
nanoparticles, as well as their aggregates. The sedimentation stability of the diluted mag-
netic fluid was also investigated. It was found that when the liquid was diluted 200 times,
it partially lost its stability, and the nanoparticles aggregated and formed clusters about
140 nm in size. Further research will be focused on revealing the exact concentration bound-
aries of the sedimentation stability of the magnetic fluid. The proposed DDLS method
can be applied in studies of structural and morphological properties of nanoparticles
not only in diluted magnetic fluids but also in a number of metallic as well as biological
fluid solutions.
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