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NEUTRON STUDIES
OF THE STRUCTURE OF NON-POLAR MAGNETIC
FLUIDS WITH SURFACTANT EXCESSPACS 61.12.-q, 75.50.Mm

Non-polar magnetic fluid systems with an excess of surfactants have been studied with the use
of the small-angle neutron scattering technique. Two types of highly stable ferrofluids, mag-
netite/oleic acid/decalin and magnetite/myristic acid/decalin, with a low (of about 1 vol.%)
magnetite content and various acid fractions (up to 25 vol.%) are examined. The aggregation
of magnetic particles and surfactant molecules is shown not to occur in the indicated concen-
tration range of the acid molecule excess. The experimental results testify to a change of the
interaction between the molecules of oleic and myristic acids in the free (non-adsorbed) state,
when they are dissolved in magnetic fluids, and in their solutions in decalin without magnetic
particles.
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1. Introduction

Magnetic fluids (MFs) are colloid suspensions of mag-
netic particles about 10 nm in dimensions stabilized
with the help of surfactants. The research of the
structure of such systems has both fundamental and
practical meanings [1–3].

On the one hand, the nanometer size of particles
in MFs is responsible for their sedimentation stabil-
ity [4, 5]. On the other hand, it provides the one-
domain state of their magnetization, which results
in the super-paramagnetic behavior of such fluid sys-
tems from the viewpoint of their magnetic properties.
The magnetic and van der Waals interactions between
particles favor their aggregation, so it is necessary to
stabilize MFs, which is usually performed by means
of the adsorption of surfactant molecules on the sur-
face of magnetic nanoparticles. The aggregation sta-
bility of MFs is mainly governed by the interaction
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between the surfactants and the fluid basis of a sys-
tem. Therefore, one of the major factors that affect
the MF stability is the concentration of surfactant
molecules in the fluid system. In the course of the
preparation of ferrofluids, an optimal amount of sur-
factants in the fluid system is chosen, at which the
highest stability of the colloid system with respect to
the aggregation is observed. This work continues our
regular research concerning the influence of the sur-
factant excess (with respect to this optimum) on the
structure of MFs belonging to different types [6–10].

The work aims at studying the influence of the sur-
factant excess on the stability of MFs created on the
basis of a non-polar solvent with the help of the small-
angle neutron scattering (SANS) technique. In our
research, we used the magnetite/oleic acid/decalin
and magnetite/myristic acid/decalin systems with
various excesses of surfactants (oleic and myristic
acids). If the volume ratio between magnetite and
oleic (OA) or myristic (MA) acid is optimal, those
fluid systems are a classical example of highly sta-
ble MFs. For the neutron contrast between acid and
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fluid (carrier) molecules to be maximum, we used
deuterated decalin, which simultaneously made the
level of non-coherent background obtained from the
fluid basis lower. In this work, we analyze experimen-
tal SANS data obtained for OA and MA in the MF
volume and in decalin in order to extract information
on possible aggregation of surfactant molecules in cor-
responding systems and determine the character of
interaction between acid molecules in those systems.

2. Experimental Part

Magnetic fluid systems magnetite/oleic acid/decalin
and magnetite/myristic acid/decalin with the content
of magnetic material ϕm = 7 vol.%, as well as chem-
ically pure oleic and myristic acids, were supplied by
the Center of Fundamental and Advanced Technical
Research (Timisoara Branch of the Romanian Acad-
emy of Sciences). When the MF of the given type
is synthesized, almost all surfactant molecules in the
fluid system are adsorbed onto the surface of mag-
netic nanoparticles; i.e. the concentration of free,
non-adsorbed surfactant in the MF volume is very
low [11, 12].

Specimens with a surfactant excess were prepared
for the experimental research by adding the corre-
sponding amount of acid (the stabilizer) and deuter-
ated decalin (D-decalin, C10D18) to the initially con-
centrated MFs. The final content of D-decalin in the
fluid basis was about 90%. In such a way, we ob-
tained specimens with a surfactant excess in the OA
concentration interval of 5–25 vol.% and the MA con-
centration interval of 3–12 vol.%. To avoid the in-
fluence of the structural factor, the concentration of
the magnetic material was taken ϕm = 0.75 vol.%
in all specimens under study. The OA and MA so-
lutions free of magnetic particles were obtained by
dissolving the acids in deuterated decalin under the
ultrasound action. The concentration of surfactants
in decalin solutions amounted to 5–30 vol.% for OA
and 3–10 vol.% for MA.

SANS experiments with MFs were carried out on
an SANS-II installation at the Laboratory of Neu-
tron Scattering (the Paul Scherrer Institute, Villigen,
Switzerland). The SANS spectra of OA and MA so-
lutions in D-decalin were obtained on an installation
“Yellow Submarine” at the Budapest Neutron Cen-
ter (the Wigner Research Centre for Physics, Bu-
dapest, Hungary). The differential scattering cross-

section per specimen volume unit (the scattering in-
tensity (dσ/dΩ)/Vsample = I(q)) was measured as a
function of the absolute value of scattering vector,
q = (4π/λ) sin(θ/2), where λ is the neutron wave-
length, and θ is the scattering angle. The measure-
ments were carried out at a temperature of 25 ◦C.
The background scattering signal from the buffer so-
lution (D-decalin or its mixture with the acid) and
the empty cuvette was subtracted from the primary
experimentally registered curves. Changing to the
absolute values was made by normalizing the inten-
sity of scattering with respect to that from a 1-mm
cuvette with water.

The experimental SANS dependences obtained for
the MFs with the surfactant excess were approxi-
mated by the formula

I(q) = I(0)×

×

Rmax∫
Rmin

Dn(r) [V (r)F (qr)+ηV (r+δ)F (q(r + δ))]2 dr

Rmax∫
Rmin

Dn(r)[V (r)+ηV (r+δ)]2dr

+

+ IS(0) exp

(
−q2R2

g

3

)
+ Ibkg. (1)

Here, the first term corresponds to the scatter-
ing by magnetic particles in the ferrofluid, I(0) =
= n(ρ0 − ρ1)2〈V 2〉 is the intensity of scattering at
the zero angle, n is the concentration of particles in
the MF; the parameter η = (ρ1 − ρS)/(ρ0 − ρ1) is
determined by the scattering length density of the
magnetic core, ρ0, the surfactant shell, ρ1, and the
fluid medium, ρS ; V (r) = (4/3)πr3 is the volume of
the sphere of radius r; δ is the effective thickness of
the surfactant stabilization shell;

F (qr) = 3(sin(qr) − qr cos(qr))/(qr)3

is the form factor of the sphere of radius r;

Dn(r) = exp(− ln2((r/R0)/2S2))(r
√

2πS)−1

is the function of the log-normal distribution over di-
mensions with the characteristic radius R0 and the
standard deviation S; Rmin and Rmax are the mini-
mum and maximum sizes of magnetite particles in the
fluid. The second term in formula (1) corresponds to
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Fig. 1. Experimental SANS curves for MFs stabilized with the molecules of oleic (a) and myristic (b) acids with no surfactant
excess in the system. Curves 1 and 3 correspond to ferrofluid specimens prepared on the basis of deuterated decalin (90% D-
decalin), and curves 2 and 4 to specimens with a D-decalin content of 10%. Solid curves are the approximation of experimental
data by formula (1) with the omitted second term

the scattering by free non-adsorbed surfactant mole-
cules in the system; here, IS(0) is the intensity of scat-
tering at the zero angle for free acid molecules in the
fluid, Rg is the radius of inertia of a surfactant mole-
cule in decalin, and Ibkg is the intensity of residual
non-coherent background. In expression (f1), the first
term describes the scattering by polydisperse spheri-
cal nanoparticles with the structure “core–shell”, and
the second one corresponds to the scattering by free
OA or MA particles in the MF volume. According
to small dimensions of the molecules (about 2 nm),
we used the Guinier formula for the latter term. As
the first approximation, the magnetic scattering in
formula (1) was neglected.

Experimental data obtained for MF specimens with
no excess of OA and MA (Fig. 1) were approximated
by expression (1), in which the second term was omit-
ted. In this case, only the parameters R0 and S in
the size distribution, the surfactant shell thickness δ,
and some other parameters of the “core–shell” model
(these are I(0), Ibkg, and η) were determined. For fer-
rofluids with a certain excess of acids in the MF vol-
ume, the first three indicated parameters were fixed,
and the integral parameters of OA and MA molecules
(these are I(0)S and Rg) were determined together
with other parameters.

For the interpretation of SANS data obtained for
the OA and MA solutions in decalin in the absence of
magnetic particles in the fluid, the Guinier approxi-

mation was used,

I(q) = I(0) exp(−q2R2
g/3) + Ibkg. (2)

From the analysis of the concentration dependences
of the integral parameters (the intensity of scattering
at the zero angle and the inertia radius) obtained for
free acid molecules in the MF volume and in the sol-
vent (decalin), it is possible to estimate the character
of the effective interaction between OA and MA mole-
cules, respectively. As was shown earlier [13–15], in
the case of small molecules in solutions, the concen-
tration dependence of the intensity of scattering at
the zero angle can be written down in the form

I(0)/Φ ≈ C(1 + ΦB), (3)

where Φ is the volume fraction of molecules in the so-
lution, C is a constant related to the effective volume
of particles, B = (1/v)

∫
(g(r)− 1)dV is a dimension-

less analog of the second virial coefficient in the pair
interaction potential, v is the volume occupied by a
particle in the solution, and g(r) is the pair radial
distribution function. The sign of the parameter B
testifies to the interaction character: this is attrac-
tion if B > 0, and repulsion if B < 0. For example,
for the hard-sphere potential, B = −8 (pure repul-
sion) [13]. A similar expression for the concentration
dependence of the experimentally apparent radius of
inertia looks like

R2
g ≈ R2

g0 + ΦBL2/(1 + BΦ), (4)
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where Rg0 is the true radius of inertia, and L is the
correlation distance between two particles in the so-
lution.

3. Results and Their Discussion
Experimental curves for initial MF specimens with
no surfactant excess in the system volume and with
a magnetite content of 0.75% are shown in Fig. 1
for the magnetite/oleic acid/decalin (panel a) and
magnetite/myristic acid/decalin (panel b) systems.
The scattering spectra from the mentioned ferrofluids
were obtained for two different neutron contrast lev-

Fig. 2. (a) Experimental SANS curves for the fluid system
magnetite/oleic acid/decalin with various excesses of OA mole-
cules (symbols) and their approximations by formula (1) (solid
curves). Curves 1 to 6 correspond to the excess OA content
with concentrations of 5, 7, 10, 15, 20, and 25 vol.%, respec-
tively. (b) SANS spectra for the OA solutions in decalin and
their Guinier approximations (formula (2)) on the logarithmic
scale. Curves 1 to 6 correspond to the solutions with various
concentrations of oleic acid: 5, 7, 10, 12, 20, and 30%, respec-
tively

els, when the fluid basis of the systems was prepared
by adding D-decalin in such a manner that its content
amounted to 90 and 10% with respect to H-decalin.

In addition, the isotopic substitution in the solvent
made it possible to determine the parameters R0 and
S in the distribution function over the size and the
effective thickness of the stabilization shell δ more
precisely: for the MF stabilized with OA molecules,
R0 = 3.8(3) nm, S = 0.36(1), and δ = 1.4(3) nm;
and for the MF stabilized with MA molecules, R0 =
2.8(1) nm, S = 0.26(1), and δ = 1.4(2) nm. The

Fig. 3. (a) Experimental SANS curves for the fluid system
magnetite/myristic acid/decalin with various concentrations of
excess MA molecules (symbols) and their approximations by
formula (1) (solid curves). Curves 1 to 5 correspond to the
excess MA content with concentrations of 3, 5, 7, 10, and
12 vol.%, respectively. (b) SANS spectra for the MA solu-
tions in decalin with various concentrations and their Guinier
approximations (formula (2)) on the logarithmic scale. Curves
1 to 4 correspond to the solutions with various MA concentra-
tions: 3, 5, 7, and 10 vol.%, respectively
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Fig. 4. Dependences of the intensity of scattering at the zero angle normalized by the concentration on the concentrations of
excess oleic (a) and myristic (b) acids in the corresponding magnetic fluid (solid circles) and decalin (hollow squares). The insets
demonstrate the concentration dependences of the squared radius of inertia of OA (a) and MA (b) molecules in the corresponding
MF and decalin

averaging over the dimensions was carried out within
the interval from 1 to 14 nm. In what follows, those
parameters of model (1) were fixed. The parameters
of the distribution function over magnetite particle
dimensions, which were obtained in both cases, coin-
cided with the corresponding parameters for similar
MFs obtained earlier [16].

In Figs. 2 and 3, the experimental SANS data ob-
tained for the magnetic fluid systems with various ex-
cess volume contents of OA and MA, respectively, are
depicted. The exhibited dependences were approxi-
mated by formula (1). In general, the approximations
demonstrate a good correspondence between the the-
oretical curves and the experimental data. The ob-
tained structural parameters of MFs completely re-
produce the results obtained in our previous work
[16]. Figures 2,b and 3,b demonstrate the SANS data
obtained for the specimens of the solutions of corre-
sponding monocarboxylic acids with various concen-
trations in deuterated decalin. The deuterated sol-
vent was used to enhance the neutron contrast be-
tween the OA and MA molecules, on the one hand,
and the solvent molecules, on the other hand, as well
as to reduce the intensity of non-coherent background
scattering.

The values of integral parameters I(0), S, and R2
g,

which were obtained for non-adsorbed molecules of
the acids concerned by approximating the experimen-
tal data shown in Figs. 2 and 3, were used to plot the

dependences in Fig. 4 according to formulas (3) and
(4). The values of the dimensionless analog of the
second virial coefficient amounted to B = −1.95 and
−2.2 for the OA solutions in decalin and MF, respec-
tively, which is much larger than B = −8 for the
hard-sphere potential. In the cases of the MA excess
in the MF volume and the MA solution in decalin,
the coefficient values are as follows: B = −2.5 and
B = −2.3, respectively. From whence, we may draw
a conclusion that the attraction forces play a consid-
erable role in the pair interaction potential between
OA and MA molecules. The dependences depicted
in Fig. 4 testify that the interactions between acid
molecules in decalin and MF do not differ substan-
tially. However, the acid molecules in the MF re-
veal the additional repulsion, which is evidenced by
a lowered value of dimensionless coefficient B. This
phenomenon can be associated with the so-called “de-
pletion attraction” [17], when the effective attraction
arises in the system owing to the removal of relatively
small surfactant molecules from the space between
relatively large magnetic particles.

4. Conclusions

Non-polar magnetic fluids with an excess of monocar-
boxylic acids are studied with the help of the small-
angle neutron scattering technique. The results of
our experiments allow us to draw a conclusion that
all MFs with an excess of the surfactant content in

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 12 1147



L.A. Bulavin, A.V. Nagornyi, V.I. Petrenko et al.

the considered concentration interval remain stable
with respect to the aggregation. According to the
plotted concentration dependences of the integral pa-
rameters for the molecules of oleic and myristic acids,
the character of the interaction between them is es-
timated. It is shown that a reduction of attraction
forces between the surfactant molecules in the fluid
systems takes place, which is associated with the pres-
ence of magnetic particles, in contrast to the solutions
of corresponding acids in the fluid basis, decalin. An
enhancement of the attraction forces between non-
adsorbed OA molecules in the magnetic fluid is ob-
served in comparison with the MF stabilized by MA.
Thus, from the viewpoint of MF microstructure, it is
demonstrated that the interaction between the fluid
and the surfactant plays an important role in the sta-
bilization of the given fluid systems with an excess
surfactant content.
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ced Technical Research (Timisoara, Romania) for the
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sored by the Russian Foundation for Basic Research
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НЕЙТРОННI ДОСЛIДЖЕННЯ
СТРУКТУРИ НЕПОЛЯРНИХ МАГНIТНИХ
РIДИННИХ СИСТЕМ З НАДЛИШКОМ
ПОВЕРХНЕВО-АКТИВНИХ РЕЧОВИН

Р е з ю м е

У роботi представлено результати дослiдження структу-
ри неполярних магнiтних рiдинних систем з надлишком
поверхнево-активних речовин, якi отриманi методом ма-
локутового розсiяння нейтронiв. У ролi магнiтних рiдин-
них систем було вибрано високо стабiльнi ферофлюїди ма-
гнетит/олеїнова кислота/декалiн та магнетит/мiрiстинова
кислота/декалiн з низьким вмiстом магнетиту (∼1% за
об’ємом) за рiзних значень надлишку кислот (до 25% за
об’ємом). Показано, що у дослiджуваному дiапазонi кон-
центрацiй надлишку молекул кислот, агрегацiя магнiтних
частинок та молекул стабiлiзатора не вiдбувається. У ре-
зультатi додаткового порiвняння зроблено висновки щодо
змiни у взаємодiї мiж вiльними (не адсорбованими) молеку-
лами олеїнової та мiрiстинової кислот у магнiтних рiдинних
системах та їх розчинах у декалiнi.
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