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Adsorption of nanoparticles from magnetic ﬂuids (MFs) on solid surface (crystalline silicon) was studied by
neutron reﬂectometry (NR) and related to the bulk structural organization of MFs concluded from small-angle
neutron scattering (SANS). The initial aqueous MF with nanomagnetite (co-precipitation reaction) stabilized by
sodium oleate and MF modiﬁed by a biocompatible polymer, poly(ethylene glycol) (PEG), were considered.
Regarding the bulk structure it was conﬁrmed in the SANS experiment that comparatively small and compact
(size~30 nm) aggregates of nanoparticle in the initial sample transfer to large and developed (size > 130 nm,
fractal dimension 2.7) associates in the PEG modiﬁed MF. This reorganization in the aggregates correlates with
the changes in the neutron reﬂectivity that showed that a single adsorption layer of individual nanoparticles on
the oxidized silicon surface for the initial MF disappears after the PEG modiﬁcation. It is concluded that all
particles in the modiﬁed ﬂuid are in the aggregates that are not adsorbed by silicon.

1. Introduction
Structural characterization of ferroﬂuids (MFs) (colloidal solutions
of magnetic nanoparticles with a characteristic size of about 10 nm
which are usually covered by surfactant molecules to prevent aggregation and sedimentation) are important from both the fundamental and
applied points of view. Such type of information is necessary for
understanding stabilization mechanisms of these systems and their
behaviour in diﬀerent conditions. The latter determines the possibilities for practical applications of magnetic ﬂuids in diﬀerent ﬁelds
(e.g., [1,2]). Mainly the works on the structure characterization of MFs
are devoted to the structural organization of bulk solutions, which is, in
particular, well observed by small-angle X-ray (SAXS) and neutron
(SANS) scattering (e.g., see reviews in [3,4]). At the same time, because
of speciﬁc adsorption properties, the behaviour of magnetic nanoparticles and surfactants in MFs at interfaces with solids can be diﬀerent
from that in bulk, which is to be also considered with respect to
application purposes. A number of recent works [5–9] involving
various methods are devoted to the study of formation and structural
characterization of magnetic nanoparticles (MNPs) assembling into a
monolayer. Self-assembly of the nanoparticles occurs during the
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solvent evaporation, therefore interaction between the ﬁlm and a
substrate plays an important role in the ordering. An additional point
is that a possible diﬀerence in the stability of MFs in bulk and at
interfaces should be taken into account in the requirements for the
stabilization of these systems with respect to their storage, namely to
the interaction of the MF particles with container walls under diﬀerent
conditions.
Thus, some kind of ordering into layered structures at the interface
with silicon was reported [10] for highly concentrated water-based MF
(nanomagnetite coated by double layer of sodium oleate in heavy
water) with the volume fraction of magnetic material φm~10%. It was
observed in the neutron reﬂectometry (NR) experiments with horizontal sample plane when analyzing total specular reﬂection enhanced by
the use of deuterated liquid carrier. In a similar way, less concentrated
analogue of the water-based MF (φm~1%) was compared [11] with the
highly stable MF based on organic non-polar liquid carrier (nanomagnetite coated with oleic acid in deuterated benzene). In both cases, the
formation of only one well-deﬁned adsorption layer of nanoparticles on
silicon surface was concluded.
An interesting question is at what extent the bulk structure of MFs
inﬂuences their adsorption properties. To clarify this point, in the given
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work we have performed similar kind of NR experiments applied to the
water-based MF (nanomagnetite coated by double layer of sodium
oleate in heavy water, φm~0.8%) and to this aqueous MF but after
poly(ethylene glycol) (PEG) modiﬁcation. Previously, it was reported
[12,13] that the introduction of PEG into the structure of the
considered water-based MF can result in its strong structure reorganization, namely the appearing of large fractal aggregates. These
studies were motivated by the fact that the system is of current interest
regarding biomedical applications, since it is often used [13,14] as a
precursor for PEGylation (coating modiﬁcation using polyethylene
glycol to increase the biocompatibility). The characterization of the
bulk structure of the MFs in the given work was done by SANS. The
correlation of the interface properties of the two (without and with
PEG) aqueous MFs with their bulk structures is analyzed. The eﬀect of
gravity on the interface properties is considered as well.
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Fig. 1. Experimental SANS curves for the initial MF (red circles) and PEG-modiﬁed MF
(blue triangles). Solid lines follow the Guinier approximation with Rg=17 nm and the
power-law dependence, ~q−2.7, respectively. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

2. Experimental
Preparation of initial aqueous magnetic ﬂuid was based on the coprecipitation reaction to produce nanomagnetite. MF was synthesized
at the Institute of Experimental Physics, Slovak Academy of Sciences
(IEP SAS), Slovakia, in accordance with the procedure described in
[12]. To avoid aggregation between the magnetite particles they were
covered with a double layer of sodium oleate (C17H33COONa, surfactant/magnetite mass ratio 0.73 to 1). The volume fraction of magnetite,
φm=0.8%, in the ﬂuid was found by the static magnetization analysis
(MPMS SQUID magnetometer, IEP SAS).
Poly(ethylene glycol) with average mass Mw=1000 g/M was chosen
for further MF modiﬁcation in order to improve biocompatibility of the
prepared MF. The previous studies showed [12,13] that the observable
inﬂuence of PEG on the bulk structure and stability of the MF starts at
the PEG/magnetite weight ratio of 1. Here, a deﬁned amount of PEG
aqueous solution was added to the initial MF with PEG/magnetite
weight ratio of 1.5. The mixture was stirred thoroughly and shaken for
72 h. Afterwards, the sample was lyophilized and the obtained powder
was redispersed in D2O.
Solutions for SANS experiments were placed in 2-mm thick quartz
cells (HELMA). The SANS measurements were performed on the
Yellow Submarine small-angle instrument at the steady-state reactor
of the Budapest Neutron Centre (BNC), Hungary. The isotropic
diﬀerential cross-section per sample unit volume (hereafter called
scattered intensity) was obtained as a function of the momentum
transfer module, q=(4π/λ)sin(θ/2), where λ is the incident neutron
wavelength (ﬁxed at 0.39 nm and also at 1.17 nm) and θ is the
scattering angle (scanning over 64×64 cm2 detection area of a position-sensitive detector placed at 1.5 m and 5.5 m behind the sample),
in a q-range of 0.05–4 nm−1. The calibration with a 1-mm water
sample was performed in a standard way [15] after making corrections
for the background, buﬀer and an empty cell.
A principal scheme of the NR experiments with a solid-liquid
interface was similar to that in our previous works [11,16]. The plane
neutron beam penetrated the silicon monocrystalline block through its
face (height 1.5 cm) to meet the silicon-MF interface. MF was held in a
hermetic Teﬂon container which provided the contact of the MF layer
(width 2.5 mm) with polished (roughness less than 1 nm) and specially
cleaned silicon block with hydrophilic (because of silicon oxide) surface. The NR experiments were performed at the NREX reﬂectometer
(Max-Planck-Institut for Solid State Research, FRM-II reactor,
Germany) and at the GRAINS reﬂectometer (Joint Institute for
Nuclear Research, IBR2 reactor, Russia) both with vertical scattering
plane. At NREX, the monochromized neutron beam (wavelength
0.43 nm) was used in the θ-2θ scanning mode. Experiments at the
GRAINS reﬂectometer were conducted in TOF (time-of-ﬂight) mode
with neutron wavelength range of 0.05–0.7 nm [17]. The experiments
were done in two kinds of MF/Si geometries, namely Si block on
bottom and the inverse geometry with Si on top. The reﬂected neutrons

were registered by the 2D position-sensitive detector. The measurements were carried out at room temperature.

3. Results and discussion
Experimental SANS curves for the two kinds of aqueous MFs are
presented in Fig. 1. Since the studied MFs are based on heavy water, a
contribution from hydrogen-containing components is signiﬁcant.
Thus, the broad band in the curves around q~0.7 nm−1 is attributed
to the scattering from surfactant which forms a stabilizing shell around
magnetite particles, as well as micelles in the solution [18,19]. Diﬀerent
behaviour can be seen in the initial part of the curves. The scattering
from the initial aqueous MF corresponds to the scattering from
compact particles, which is reﬂected in the existence of the so-called
Guinier regime at low q-values with the radius of gyration, Rg =17 nm.
This value exceeds that expected for separated particles, so there is
some fraction of compact and structurally stable aggregates in the
initial MF. The corresponding Guinier plot is given in Fig. 1. In the
aqueous MF after PEG modiﬁcation, a degree of aggregation increases
and aﬀects the curves, so that they are comparable with those observed
for water-based ferroﬂuids with double steric stabilization [20–22].
This is concluded from the power-law behaviour of the scattering, I(q)
~q−2.7, at low q values, which indicates now a fractal-type organization
of the aggregates with mass fractal dimension, D=2.7 [23]. The Guinier
regime is not observed in the initial parts of the curves for these fractal
aggregates, which means that the aggregate size, D > 130 nm (the
estimate is derived from the minimum measured q-value in accordance
with the rule D=2π/q), is beyond the instrumental limit. The observations are in full agreement with the previous SANS studies of similar
MFs [12,13].
The experimental reﬂectivity, R, for D2O/Si and two kinds of MF/Si
interfaces are represented (Fig. 2) as R Qz4 to enhance the diﬀerences
in the data from the samples under study and demonstrate the quality
of the ﬁts. It should be mentioned that in NR experiments in addition
to specular reﬂection for both studied MFs samples a strong oﬀspecular (diﬀuse) scattering was detected, which is a consequence of
small-angle scattering from nanoparticles and their aggregates. This
type of the scattering also makes an additional contribution to the
channel of the specular reﬂection. It is indicative of the fact that the
aggregates are present in the close-to-surface region for the studied
MFs. The diﬀuse scattering background from MFs was subtracted
according to the procedure describe in [16] to get purely specular
reﬂectivity curves.
The found reﬂectivity curves given in Fig. 2 do not show any
ordering eﬀects at the interface like in [10]. The reﬂectivity curves for
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Fig. 2. (a) Experimental reﬂectivity curves (points) together with ﬁts (solid lines) for pure D2O (green squares), initial aqueous magnetic ﬂuids (red circles) and PEG-modiﬁed MF (blue
triangles); (b) found from experimental data SLD proﬁles for three studied kinds of solid/liquid interfaces. The calculated mean SLD for the initial MF (concentration 0.8%) is shown
(dashed line) for comparison. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. Schematic representation of the discussed eﬀect: bulk structure of ferroﬂuids with respect to the aggregate organization according to SANS data (on the left) and its inﬂuence on
the structure of the interface with silicon according to NR data (on the right).

(ρ=6.9×10−4 nm−2) because of the large fraction of surfactant in it. It
should be mentioned that such layer formation is similar to the
previous results for sterically stabilized non-polar MF with stabilization
by oleic acid and D2O-based ferroﬂuids stabilized by sodium oleate
[11]. Also, similar layer of MNPs were recently observed in aqueous MF
(magnetic particles with average diameter of 11 nm surrounded by a
4 nm thick bilayer of carboxylic acid) with steric repulsion, φm=5%
[25]. The diﬀerence in the SLD values at the interface and bulk of the
initial MF is a consequence of the diﬀerence in the particle distributions at the interface and bulk. The lower SLD-value for MF at the
interface means that the relative fraction of the surfactant (a component with zero SLD) is higher at the interface, which is explained by
adsorption properties of the silicon substrate. In organic non-polar
MFs the similar eﬀect was interpreted [11] as a result of higher
concentration of magnetic nanoparticles coated with surfactant whose
mean SLD is lower than that of deuterated carrier. Here, in addition to
the complex (magnetite plus surfactant) particles there is some fraction
of free (non-adsorbed on magnetite) surfactant which also is attracted
to the surface and contributes to the mean SLD of the suspension.
To check up the impact of gravity against the surface attraction at
the interface, the NR experiments for MFs were performed in two
geometries with silicon above the ﬂuid (‘beam from top’) and silicon on

D2O and D2O-based MF modiﬁed by PEG are well described by the
well-known Fresnel law (solid lines in Fig. 2a) for the interface between
two inﬁnite and purely homogeneous media. It means that there is no
adsorption on Si surface from the PEG-modiﬁed MF and it looks like
homogeneous medium in the NR experiments. The deviations of the
NR curve for the initial D2O-based MF from the Fresnel law indicate
that there are some layer formations at the interface caused by
adsorption of particles from MF. The curve for this interface was
treated in the frame of the Parrat formalism [24]. The best ﬁt (solid
lines in Fig. 2a) was obtained using a two layer model on the silicon
substrate. The corresponding scattering length density (SLD) proﬁles
along the surface normal are shown in Fig. 2b, where they are
compared with the mean SLDs of magnetic ﬂuids under study,
calculated from the known compositions. The revealed two layers with
signiﬁcantly diﬀerent SLDs can be considered as two sub-layers of one
layer of colloidal core-shell particles adsorbed on the silicon substrate,
which is schematically shown in Fig. 3. The width (~4 nm) and SLD
(~0 nm−2) of the ﬁrst sub-layer are close to the corresponding
parameters of the surfactant shell (sodium oleate) around magnetite
in MFs, while the width of the second sub-layer is well associated with
the mean diameter of magnetite nanoparticles, D~8 nm. The mean
SLD of this sub-layer is signiﬁcantly lower than that of magnetite
69
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bottom of the ﬂuid (‘beam from bottom’). The change in the geometry
showed just a slight shift in the critical Qz for the full total reﬂection,
which corresponds to a diﬀerence between the mean SLD of the same
sample in diﬀerent geometries. From the obtained SLD values, it was
estimated that the particle concentration in MFs at the interface is
about 10% higher for the ‘beam from bottom’ conﬁguration as
compared to the ‘beam from top’ conﬁguration because of the gravitation eﬀect with respect to the aggregates of magnetic nanoparticles.
This is consistent with the previously reported [26] inﬂuence of gravity
on ferroﬂuids with relatively large particles leading to the variation in
shape and size of the diﬀraction patterns along the sample height.
According to the thermodynamic calculations [27], which take into
account the dipole-dipole interaction in ferroﬂuids, one can expect a
signiﬁcant modulation in the particle number density along the sample
height under the eﬀect of gravity for the magnetite particles with size
higher than 10 nm.
From the comparison of the bulk and solid/liquid interface
structures of MFs one can conclude about clear correlation between
the bulk structure of MFs and adsorption properties of the interface.
Thus, the attraction between hydrophilic silicon oxide layer on the Si
surface and non-aggregated nanoparticles in the initial aqueous MF
leads to the formation of a single MNP layer, which disappears after the
PEG modiﬁcation. The latter is explained by the fact that all particles in
the modiﬁed MF aggregate and form new kind of developed clusters as
compared to the initial MF, so no free individual particles are available
to form the adsorption layer. A schematic representation of the
observed eﬀect for the two kinds of D2O-based MFs with respect to
their bulk structure (compact aggregates in initial MF and branched
aggregates in PEG-modiﬁed MF) and structure at MF/Si interfaces
(individual nanoparticles adsorption on the silicon surface from initial
MF and no any adsorption of nanoparticles in the ferroﬂuid with PEG
addition) are summarized in Fig. 3.

Berlin, 2009. http://dx.doi.org/10.1007/978-3-540-85387-9.
[2] I. Torres-Diaz, C. Rinaldi, Recent progress in ferroﬂuids research: novel applications of magnetically controllable and tunable ﬂuids, Soft Matter 10 (2014)
8584–8602. http://dx.doi.org/10.1039/C4SM01308E.
[3] L. Vekas, D. Bica, M.V. Avdeev, Magnetic nanoparticles and concentrated Magnetic
nanoﬂuids: synthesis, properties and some applications, China Part. 5 (2007)
43–49. http://dx.doi.org/10.1016/j.cpart.2007.01.015.
[4] M.V. Avdeev, V.L. Aksenov, Small-angle neutron scattering in structure research of
magnetic ﬂuids, Phys. Uspekhi 53 (2010) 971. http://dx.doi.org/10.3367/
UFNe.0180.201010a.1009.
[5] S. Sun, C. Murray, D. Weller, L. Folks, A. Moser, Monodisperse FePt nanoparticles
and ferromagnetic FePt nanocrystal superlattices, Science 287 (198) (2000)
1989–1992. http://dx.doi.org/10.1126/science.287.5460.1989.
[6] M.I. Bodnarchuk, M.V. Kovalenko, S. Pichler, et al., Large-area ordered superlattices from magnetic wuestite/cobalt-ferrite core/shell nanocrystals by doctor
blade casting, ACS Nano 4 (2009) 423–431. http://dx.doi.org/10.1021/
nn901284f.
[7] D. Mishra, M. Benitez, O. Petracic, G.A.B. Confalonieri, P. Szary, F. Brussing,
K. Theis-Brohl, A. Devishvili, A. Vorobiev, O. Konovalov, et al., Self-assembled iron
oxide nanoparticle multilayer: x-ray and polarized neutron reﬂectivity,
Nanotechnology 23 (2012) 055707. http://dx.doi.org/10.1088/0957-4484/23/5/
055707.
[8] A. Vorobiev, A. Khassanov, V. Ukleev, et al., Substantial diﬀerence in ordering of
10, 15, and 20 nm iron oxide nanoparticles on a water surface: in situ characterization by the grazing incidence x-ray scattering, Langmuir 31 (2015)
11639–11648. http://dx.doi.org/10.1021/acs.langmuir.5b02644.
[9] R. Banerjee, M. Sanyal, M. Bera, et al., Structural reordering in monolayers of gold
nanoparticles during transfer from water surface to solid substrate, Phys. Rev. E 83
(2011) 051605. http://dx.doi.org/10.1103/PhysRevE.83.051605.
[10] A. Vorobiev, J. Major, H. Dosch, et al., Magnetic ﬁeld dependent ordering in
ferroﬂuids at SiO2 interfaces, Phys. Rev. Lett. 93 (2004) 267203. http://dx.doi.org/
10.1103/PhysRevLett.93.267203.
[11] M.V. Avdeev, V.I. Petrenko, I.V. Gapon, et al., Comparative structure analysis of
magnetic ﬂuids at interface with silicon by neutron reﬂectometry, Appl. Surf. Sci.
352 (2015) 49–53. http://dx.doi.org/10.1016/j.apsusc.2015.02.170.
[12] M.V. Avdeev, A.V. Feoktystov, P. Kopcansky, et al., Structure of water-based
ferroﬂuids with sodium oleate and polyethylene glycol stabilization by small-angle
neutron scattering: contrast-variation experiments, J. Appl. Cryst. 43 (2010)
959–969. http://dx.doi.org/10.1107/S0021889810025379.
[13] V. Závišová, M. Koneracká, M. Múčková, et al., Magnetic ﬂuid poly(ethylene glycol)
with moderate anticancer activity, J. Magn. Magn. Mater. 323 (2011) 1408–1412.
http://dx.doi.org/10.1016/j.jmmm.2010.11.060.
[14] A. Hajdú, E. Tombácz, E. Illés, D. Bica, L. Vékás, Magnetite nanoparticles stabilized
under physiological conditions for biomedical application, Prog. Colloid Polym. Sci.
135 (2008) 29–37. http://dx.doi.org/10.1007/2882_2008_111.
[15] G.D. Wignall, F.S. Bates, Absolute calibration of small-angle neutron scattering
data, J. Appl. Cryst. 20 (1987) 28–40. http://dx.doi.org/10.1107/
S0021889887087181.
[16] I.V. Gapon, V.I. Petrenko, M.V. Avdeev, et al., Consideration of diﬀuse scattering in
the analysis of specular neutron reﬂection at the magnetic ﬂuid-silicon interface, J.
Surf. Investig. 9 (2) (2014) 320–325. http://dx.doi.org/10.1134/
S1027451015010073.
[17] M.V. Avdeev, V.I. Bodnarchuk, V.I. Petrenko, O.V. Tomchuk, I.V. Gapon,
A.V. Nagornyi, V.A. Ulyanov, L.A. Bulavin, V.L. Aksenov, The GRAINS neutron
reﬂectometer with horizontal sample plane at the IBR-2 reactor: possibilities and
prospects, Cryst. Rep. (2016) (accepted).
[18] V.I. Petrenko, M.V. Avdeev, V.M. Garamus, L.A. Bulavin, V.L. Aksenov, L. Rosta,
Micelle formation in aqueous solutions of dodecylbenzene sulfonic acid studied by
small-angle neutron scattering, Colloids Surf. A 369 (2010) 160–164. http://
dx.doi.org/10.1016/j.colsurfa.2010.08.023.
[19] V.I. Petrenko, M.V. Avdeev, V.M. Garamus, L.A. Bulavin, P. Kopcansky, Impact of
polyethylene glycol on aqueous micellar solutions of sodium oleate studied by
small-angle neutron scattering, Colloids Surf. A 480 (2015) 191–196. http://
dx.doi.org/10.1016/j.colsurfa.2014.11.064.
[20] V.I. Petrenko, V.L. Aksenov, M.V. Avdeev, L.A. Bulavin, L. Rosta, L. Vekas,
V.M. Garamus, R. Willumeit, Analysis of the structure of aqueous ferroﬂuids by the
small-angle neutron scattering method, Phys. Solid State 52 (5) (2010) 974–978.
http://dx.doi.org/10.1134/S1063783410050185.
[21] A. Wiedenmann, A. Hoell, M. Kammel, Small-angle scattering investigations of
cobalt-ferroﬂuids using polarised neutrons, J. Magn. Magn. Mater. 252 (2002)
83–85. http://dx.doi.org/10.1016/S0304-8853(02)00730-8.
[22] M.V. Avdeev, V.L. Aksenov, M. Balasoiu, V.M. Garamus, A. Schreyer, Gy Torok,
L. Rosta, D. Bica, L. Vekas, Comparative analysis of the structure of sterically
stabilized ferroﬂuids on polar carriers by small-angle neutron scattering, J. Colloid
Interface Sci. 295 (2006) 100–107. http://dx.doi.org/10.1016/j.jcis.2005.07.048.
[23] P.W. Schmidt, Some fundamental concepts and techniques useful in small-angle
scattering studies of disordered solids, in: H. Brumberger (Ed.)Modern Aspects of
Small-Angle Scattering, Kluwer Academic Publishers, Dordrecht, 1995, pp. 1–56.
[24] L.G. Parratt, Surface studies of solids by total reﬂection of x-rays, Phys. Rev. 95
(1954) 359–369. http://dx.doi.org/10.1103/PhysRev.95.359.
[25] K. Theis-Bröhl, P. Gutfreund, A. Vorobiev, M. Wolﬀ, B.P. Toperverg, J.A. Dura,
J.A. Borchers, Self assembly of magnetic nanoparticles at silicon surfaces, Soft
Matter 11 (2015) 4695–4704. http://dx.doi.org/10.1039/C5SM00484E.
[26] S. Radha, M. Shalini, Chintamani Pai, Physica B 448 (2014) 341–345. http://
dx.doi.org/10.1016/j.physb.2014.04.050.
[27] V.E. Fertman, Ferroﬂuids, Minsk, 1988, p. 184 (in Russian).

4. Conclusions
Diﬀerent structural organizations of MFs at interface with silicon
were concluded from NR experiments for two aqueous MFs with
various bulk structures revealed by SANS. It was obtained that
individual non-aggregated nanoparticles are preferably adsorbed on
the oxidized silicon surface from the initial aqueous MF to form a single
adsorption layer. The reorganization of the cluster structure in bulk
after the modiﬁcation of MF with PEG results in disappearing of the
adsorption layer, which is correlated with the fact that as compared to
the initial MF all nanoparticles in the PEG modiﬁed MF compose large
developed aggregates that are not adsorbed by the surface. The gravity
eﬀect showed less than 10% diﬀerence in the mean SLD for the two
conﬁgurations of the MF/Si interface with Si substrate above and below
MF caused by a corresponding increase in the particle and aggregate
concentration at the interface in the second case. The conclusions of
the given work justify our further extended research of the behaviour of
ferroﬂuids with diﬀerent bulk properties (with respect to particle
concentration, stabilization type, rate of aggregation, etc.) at various
interfaces with solids, which is in progress.
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