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Using the method of variation of a contrast in the small-
angle scattering of non-polarized thermal neutrons, we have
investigated the magnetic liquid systems on the basis of water
having steric stabilization. As magnetic nanoparticles, we used
magnetite particles covered by lauric or myristic acid. Applying
a new method of basic functions to the study of polydisperse
superparamagnetic systems, we have got data on the structural
features of magnetic fluids for the size range (1+100) nm. We have
found that the form of aggregates of magnetic particles depends
on the type of a surfactant stabilizing the magnetic liquid system.
It is shown that the samples treated by lauric acid have the best
stabilization properties.

1. Introduction

Magnetic liquids are such liquid systems [1] that are
formed by means of the introduction of magnetic
nanoparticles in a certain liquid. To prevent the
aggregation of nanoparticles due to the dipole-dipole
interaction (especially in a magnetized state under the
action of an external magnetic field), magnetic particles
are usually covered by the stabilizing layer of a surface-
active substance (SAS) [2]. In the case of nonpolar
organic solvents, one layer of SAS adsorbed on the
surface of magnetic particles efficiently hampers the
aggregation of magnetic particles. In the case of polar
magnetic fluids, it is necessary to form the second
layer for the stronger stabilization [3, 4]. In this case,
the first layer is created by means of the chemical
adsorption of polar heads of SAS on the surface of
magnetic particles. The second layer is a result of the
physical sorption: the tails of molecules of the second
stabilizing layer are directed to the tails of molecules
of the first stabilizing layer. Thus, the polar heads of
SAS are oriented outward, which allows one to retain
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particles in polar carriers. Such a kind of stabilization by
the formation of a double layer requires the existence of
an excess of molecules of SAS in a solution. In this case,
the exchange between molecules of the second stabilizing
layer and free molecules in a solution is in equilibrium.
We note that the magnetic liquid systems on the basis of
water are promising for the synthesis of biocompartible
magnetic systems with their further use in various
medical branches such as magnetic hyperthermia in the
treatment of cancer [5,6] and transport of drugs [7] or
as a contrast medium in magnetic resonance imaging
[6, 7]

Even in the absence of an external magnetic
field, the main problem of the synthesis of aqueous
magnetic liquids with steric stabilization is related to the
formation of aggregates, which testifies to the absence
of the full stabilization of nanoparticles in such liquid
systems. It was shown earlier [4, 8, 9] that complex
aggregates with various sizes can arise in magnetic
aqueous systems. The bulk share of a magnetic material
(magnetite) was not exceed 5% in such liquid systems.
Recently, it was proposed to use short monocarboxyl
acids [lauric acid (LA), CHs(CHz)19COOH, and myristic
acid (MA), CH3(CHz)12COOH], which allows one
to increase the content of magnetite to at least
10% [3].

The purpose of the present work is the study of a
structure of new magnetic liquid systems with the help
of the small-angle scattering of nonpolarized thermal
neutrons (SANS) with the use of the contrast variation
technique which is based on a partial replacement
of hydrogen by deuterium in water which is the
basis of a magnetic liquid system. Such a replacement
significantly changes the neutron scattering which is
determined by a difference of the densities of the
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scattering lengths of components in the system under
study. In the experiments with the help of SANS,
the contrast variation was realized for nonmagnetized
specimens (without magnetic field). Nanomagnetite
dispersed in the studied magnetic liquid systems
was characterized by a wide distribution function
of sizes, which complicated the use of the classical
contrast variation procedure in SANS [10]. In view
of this, with the purpose to determine the structural
peculiarities of liquid systems in the range (1+100)
nm, we choose a new approach of basic functions in
the contrast variation method which was developed
earlier to study the polydisperse multicomponent
superparamagnetic systems [11]. The results of our
neutron studies of a structure of magnetic liquid
systems are compared with the data of electron
microscopy [12].

2. Experimental Procedure

The magnetic liquid systems wunder study were
synthesized at the Laboratory of magnetic liquids of
the Centre of Fundamental and Advanced Technical
Research of the Romanian Academy of Sciences
(Timisora, Romania).

The bulk share of dispersed magnetite ¢,, was 11%
in the LA specimen and 13% in the MA specimen. Liquid
systems possessed a good stability in the absence of an
external magnetic field (at least for one year after the
fabrication).

In order to perform the measurements of the small-
angle scattering of neutrons with the use of the contrast
variation method, the produced magnetic liquid systems
were diluted by ten times by light (HyO) and heavy
water (D20) so that the bulk share of DO in the net
specimen was varied from 0% to 90%.

The measurements were executed on the SANS-1
installation [13] at the steady-state reactor FRG-1 of
the GKSS Research Center (Geesthacht, Germany). We
determined the differential scattering cross-section per
unit volume (scattering intensity), which is isotropic
relative to the momentum transfer vector ¢, as a
function of the modulus of the momentum transfer
vector g=(4m/\)sin(0/2), where A is the wavelength of
a neutron, and 6 is the scattering angle. The specimens
were positioned in a quartz cuvette with a thickness of
1 mm (Hellma) and held at a temperature of 25 °C
during the experiment. In this case, no magnetic field
was applied. We obtained the scattering curves on
the fixed neutron wavelength equal to 0.83 nm (the

ISSN 2071-0194. Ukr. J. Phys. 2009. V. 54, N 3

monochromatization error AX/A = 10%) for the series of
distances between a specimen and a detector from 0.7 to
9.7 m (the detector area was 55 x 55 cm?, and the spatial
resolution was 0.7 x 0.7 cm?) in the interval of ¢ from
0.06 nm~! to 2.5 nm~'. We used the standard procedure
of the calibration of measurements by the intensity of
the small-angle scattering of neutrons on water. As a
buffer, we used the relevant solutions HoO/D2O with
the corresponding content of D5O.

As known [14], the contrast variation method in
SANS is based on the registration of changes in the
scattering on the system under a change in the contrast,
namely, the difference between the mean densities of
the scattering lengths of particles and a solvent. In
the classical generalized approach for monodisperse
nonmagnetic particles, the intensity of SANS is analyzed
[11] in terms of basic functions (the ¢-dependent
coefficients of the expansion of I over the contrast).
For polydisperse magnetic particles in magnetic liquid
systems, the scattering can be also treated in a similar
way [11]:

I(q) = I (q) + Aples(q) + (Ap)I.(q), (1)
where
Ap = pe — ps <2)

is the so-called modified contrast, namely, the difference
between the effective mean density of the scattering
lengths of particles p. and the density of the scattering
lengths of a liquid-carrier ps; I.(q), Is(q), Ies(q)
are the modified basic functions which contain the
information about the distributions of the nuclear
and magnetic densities of the scattering lengths inside
magnetic particles. The term (Aj)21,(q) gives the main
contribution to the scattering intensity at sufficiently
large contrasts and corresponds to the averaged form of
a particle:

L(g) = / Dx(R)L.(¢R)dR, (3)

where Dy (R) — radius distribution function of particles;
I.(¢qR) — Fourier transform of the scattering length
density distribution of a particle (form-factor); I,(q) =
In(@)|pp=0 + In(g) — term which depends on the
contrast and includes the residual nuclear scattering
In(q) at the effective match point and the contribution
from the magnetic scattering I (¢) which is determined
by the magnetic scattering length density of a particle.
I.s(q) — cross term.
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Fig. 1. Variation of the contrast in SANS on magnetic liquids with the double stabilization by lauric (LA) (a) and myristic acids (MA)
(b). The bulk share of D20 in % in a solvent is indicated. The bulk shares ¢, of dispersed magnetite in the specimens are ~1.1% (LA)

and ~1.3% (MA)

3. Results of the Experiment and Their
Discussion

The scattering curves obtained by us at various contents
of D20 are given in Fig. 1,a (LA) and Fig. 1,b (MA). It
is worth noting that the densities of scattering lengths
for SAS (approximately 0.10x10'° cm~2) and HyO (-
0.56x10'% ¢cm~2) are quite close. This means that the
scattering in specimens fabricated on the basis of HoO
occurs mainly on magnetite (6.90x10'% ¢cm™2). In the
cases close to DO (6.34x10'° cm—2), the scattering on
SAS significantly differs from the scattering on a solvent,
which is reflected in the appearance of specific features
of the scattering curves, as compared with the case of
H,O (Fig. 1). While analyzing the experimental data,
we modeled spherical magnetite particles covered by a
layer of SAS, but we failed to approximate the obtained
experimental curves within the “core-shell” model for
separate particles. In our opinion, this indicates a
significant influence of the aggregation of particles on
the scattering of neutrons, which strongly separates the
magnetic liquid systems under study from those formed
on the basis of nonpolar solvents with the addition of
nanoparticles which are stabilized by one layer of SAS
[15]. The scattering on aggregates makes it impossible
to process the obtained curves by using the Guinier
approximation [14]. In its turn, the standard procedure
of variation of the contrast uses, as the first step, the
analysis of the dependence of the neutron scattering
intensity at the zero angle I(0), which is determined
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from the Guinier approximation, on the contrast. In
particular, the effective match point in the case of
polydisperse systems can be referred to the minimum
of a parabolic dependence of I(0) on the content of DoO
in the liquid base. Because of the effect of aggregation
of magnetite nanoparticles here, we made an arbitrary
choice of the effective match point for the determination
of a modified contrast. Nevertheless, we can carry out
a certain analysis which relates this choice with the
internal structure of the liquid systems under study.
In Fig. 2, we present the intensities of the small-angle
scattering of neutrons on liquid systems depending on
the content of DO for various values of ¢ for two
specimens. If the particles are homogeneous, then the
positions of minima in such parabolic dependences must
not vary, and then the positions of minima correspond
to the mean density of the scattering length of particles.
For inhomogeneous particles, the positions of minima
on the mentioned dependence will shift with a change
of ¢q. The obtained positions of minima as functions of
q are shown in Fig. 3. The important observation is
that the position of the minimum for the MA specimen
does not change in the interval of ¢ from 0.06 to 0.3
nm~'. Thus, we may conclude that the aggregates in
the studied specimen can be considered as homogeneous
with sizes more than 20 nm. The relevant effective match
point, 51% D-0, indicates that the mean density of the
scattering lengths of aggregates is 2.93x10'° cm=2. At
the same time, for the LA specimen, it is impossible to
find such an interval of ¢, in which the match point
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Fig. 2. Intensity of the small-angle scattering of neutrons on the magnetic liquid systems stabilized by LA and MA versus the content

of D20 in a solvent at various values of ¢

does not change. That is, in this case, we deal with
sufficiently polydisperse aggregates, whose mean density
of the scattering lengths significantly depends on the size
of an aggregate.

In order to determine the modified contrast (2), we
used the dependences of the scattering intensities on
the content of DO at ¢ = 0.09 nm~!. The determined
positions of minima give the effective match points at
46.6% (the relevant density of the scattering lengths is
2.642x101% cm~2) and 50.6% (the relevant density of
the scattering lengths is 2.931x101% ecm~2) contents of
D50 for the LA and MA specimens, respectively. With
the purpose to find the basic functions I~c(q)7 I, (9), I (q)
from the experimental data, we minimized the functional
[16]
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[Ik(Q) - S(Q) - Aﬁkics(Q) - (Aﬁk)2fc(Q)]2
> 0

NG

k

where Ij(q) and oj(q) — the experimental scattering
intensity and its error at the given ¢ for each k-th
modified contrast; and N - total number of curves
obtained for different contrasts.

The obtained modified basic functions are given in
Figs. 4-7. The check out of the developed procedure
consists in the comparison of the function I,(¢) obtained
in such a way with the experimental curves registered at
a content of DyO which is close to the effective match
point. As shown in Fig. 4, fs(q) repeats the scattering
signal at the effective match point. At the same time,
the function I.,(q) (Fig. 5) is significantly different from
that for monodisperse particles, which indicates a large
polydispersity of particles.
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Fig. 4. Comparison of the experimentally obtained basic functions
I, (¢) for the magnetic liquid systems with the scattering curves at
the 50-% content of D2O in the liquid base which are close to the
effective match points of the corresponding magnetic fluids

The most informative from all the modified basic
functions is the function I.(¢). The comparison of the
functions I.(q) for the LA and MA specimens (Fig. 6)
indicates that particles of the magnetic liquid LA system
have larger sizes than particles of the magnetic liquid
MA system. This is well confirmed by the inverse Fourier
transformation (IFT) [17] of the function I.(q), whose
result is the distance distribution function p(r) which is
shown in Fig. 7. For polydisperse systems, this function
reflects the size distribution of particles. The largest
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Fig. 6. Experimentally obtained basic functions I.(¢q) for
each of the studied magnetic liquid systems. Lines show the
approximations of the curves. The parameters of IFT: Ry = (15.1
+ 0.2) nm, 1(0) = (5.8 & 0.1)x1072° ¢cm? for LA and Ry = (10.7
+ 0.1) nm, 7(0) = (2.1 £ 0.1) 1072°% cm? for MA

value, where p(r) is nonzero, corresponds to the largest
size of aggregates equal, respectively, to 49 and 33 nm for
the LA and MA specimens and agrees completely with
our conclusion presented above. The radius of gyration
R, calculated by us with the use of the function p(r)
equals (15.1 + 0.2) nm for LA and (10.7 + 0.1) nm
for MA and is connected with the radius of gyration of
particles R, and their voulme V. by the formula R =
(R2V2)/(V2), where the brackets mean the averaging
over the radius distribution functions of particles
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Fig. 7. Distance distribution functions of particles obtained from
the basic functions fc(q) for the studied magnetic liquid systems
(solid lines) which are compared with the distance distribution
functions obtained from the curves with zero content of DO
(dashed lines) and with the measurements executed with the help
of electron microscopy of individual particles (dotted lines) — MA
Do = 6.08 nm, S = 0.20; LA: Dg = 7.42 nm, S = 0.23

Dy(R). Under the assumption of a quasispherical form
of aggregates, the relation R? = (3/5)R? yields the
characteristic radii of particles ((R?V.2)/(V;2))!/2 which
equal, respectively, (19.5 + 0.3) and (13.8 + 0.1)
nm for the LA and MA specimens. In Fig. 7, the
distance distribution functions obtained by us from I.(q)
are compared with those determined by us from the
scattering curves with the zero content of D;O. We
note that, in the last case, the small-angle scattering
of neutrons is determined only by the scattering on
magnetite. In addition, Fig. 7 presents the distance
distribution functions calculated by us for separate
magnetite nanoparticles in magnetic liquid systems.
The calculations were based on data [12] of electron
microscopy which gave the log-normal distrubution
function of the radii of particles,

Dy(R) = (1/2r)'*(SR) ™" exp[-In*(R/Ro)/257], (5)

with the parameters Ry = 3.7 nm, S = 0.23 (LA) and
Ry = 3.0 nm, S = 0.20 (MA).

The analysis of Fig. 7 reveal the existence of the
essential difference in the formation of aggregates in the
case of the magnetic liquid systems under study. For the
LA specimen, we notice a remarkable difference in the
distance distribution functions obtained from the curves
I.(¢q) and Hy0. As for the MA specimen, the distance
distribution functions almost coincide for such curves.
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For the LA specimen, the difference of the maximum
sizes for two distance distribution functions equal
approximately to 3.5 nm can be referred to the effective
thickness of the SAS layer near magnetite nanoparticles.
The fact that separate particles which form aggregates
have larger sizes and a greater polydispersity in the
LA specimen (see the data of electron microscopy in
Fig. 7) explains, in our opinion, a larger size and a
greater polydispersity of aggregates in this specimen.
As for the MA specimen, we consider that this case
is characterized by a homogeneous agglomeration with
a sufficiently small effective thickness of SAS around
separate magnetite nanoparticles. With regard for both
the mean density of the scattering lengths of aggregates
in the MA specimen obtained by us from the analysis of
the effective match point and the fact that the densities
of the scattering lengths of SAS and the densities of
possible voids in aggregates are close to zero, we can
estimate the bulk share of magnetite ¢, as

Em ™~ ﬁe/pmv (6)

where p. — mean density of the scattering lengths for
an aggregate, and p,, — the density of the scattering
lengths for magnetite. Our estimate of the bulk share of
magnetite gives g,,=0.44. This means that the share of
SAS in aggregates does not exceed 56%. By using the
function Dy (R) determined by electron microscopy for
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separate particles of magnetite, we get that the largest
effective thickness of SAS around magnetite which would
agree with the determined content of SAS is bounded
by a value of 1.3 nm. In order to get agreement with
the fact that the distance distribution functions for
magnetite and aggregates are identical, we should state
the existence of an incomplete coverage of magnetite
by molecules of SAS in the MA specimen. In other
words, the particles in aggregates are nanomagnetite
covered by a single incomplete layer of myristic acid. On
the other hand, the magnetic liquid LA system can be
considered as the closest to nonpolar organic magnetic
liquids [15] with the “core-shell” structure of particles,
where molecules of SAS cover completely the surface of
magnetite and form a stabilizing shell in such a way. The
effect of such a shell is remarkably reflected on the curve
obtained by us under condition of the maximum content
of D20 in a solvent (Fig. 8) as a specific shoulder at ¢ =
0.8 nm~!. We note that such a shoulder is almost absent
for the MA specimen (Fig. 8).

4. Conclusions

The structural analysis carried out by us with the
help of SANS and with the use of a variation of the
contrast in aqueous magnetic liquid systems sterically
stabilized by short lauric (C12) and myristic (C14)
acids has revealed that the liquid systems under study
are basically different with respect to the formation of
aggregates in them. The experiment executed by us
has shown that, in the magnetic liquid system which
is stabilized by lauric acid, the polydisperse aggregates
of magnetite nanoparticles covered by a double layer of
SAS, whose effective thickness is equal to 3.5 nm, are
formed. In the magnetic liquid system which is stabilized
by myristic acid, the homogeneous and less polydisperse
aggregates are formed as a result of the incomplete
coverage of magnetite by molecules of SAS. The reason
for this fact can be related to a possible creation of
micelles of monocarboxyl acids in water, which decreases
the number of free molecules of SAS necessary for the
complete coverage of the surface of magnetite. As known,
the critical concentration for the micelle formation is
inversely proportional to the length of a molecule [18],
which agrees with the worse stabilization of the magnetic
liquid system with longer myristic acid. A larger size
and a higher polydispersity of experimentally observed
aggregates in the specimen with lauric acid can be
explained by a larger size and a higher polydispersity
of separate particles which form the aggregate in this
case.
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MAJIOKYTOBE PO3CIAHHSA HENTPOHIB MATHITHUMU
BOOHNUMU CUCTEMAMU, AKI CTABIJIISOBAHI
MOHOKAPBOKCMJIbBHUMI KNCJIOTAMU

A.B. ®eoxmucmos, JI.A. Byaasin, M.B. Asdees,
JI. Bexaw, B.M. I'apamyc, P. Biaaymatm

Peszmowme

3 BHUKOPHCTAHHSIM METOJIMKH Bapiallil KOHTPACTy METOJOM MaJiO-
KYTOBOT'O PO3CiSIHHSI HEIOJIIPU30BAHUX TEIJIOBUX HEATPOHIB 6yJIO
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BUBYEHO MarHITHI PiJIMHHI CUCTEMU, BUT'OTOBJIEHI HA OCHOBI BO/IH i3
CTepudHOIO cTabimizariero. 3a MaruiTHy HAHOYACTUHKY OyJI0 BHKO-
PHUCTAHO MArHETHUT, KWl OyB BKPUTHII JIaypUHOBOIO ab0 MipHCTH-
HOBOIO Kucsoramu. Ha ocHoBi HOBoro migxony 6a3ucHux yHKILIR
ISt TOCTIIKEHHS TIOJIIUCIIEPCHUX CYTepIapaMarHiTHUX CHUCTEM
Oy oTpuMaHi JlaHi IPO CTPYKTYPHI 0COOJIMBOCTI MarHiTHUX pi-
nuH B nianasoni posmipis (1-100) mm. Beranosseno, mo Buz ar-
peraTiB MarHiTHUX YaCTHHOK 3aJIE2KUTh BiJl IIOBEPXHEBO-aKTUBHOL
PEUOBHUHH, SIKYy BHKOPHCTAHO [yIs cTabimizanil marmiTaOl pigummHol
cucremu. [Tokazano, o Kpaimi crabisizaniiiHi BacTUBOCTI MAOTh
3pa3Ku 3i cTabiIizali€e J1aypUHOBOKO KUCIOTOO.
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