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Preface 

 
On behalf of the International Advisory Committee, Program and Local Organizing 

Committees we welcome you to the virtual 4th International School and Workshop on 
Complex and Magnetic Soft Matter Systems: Structure and Physico-Mechanical 
Properties (CMSMS’21). 

We would like to start by wishing you and your families our best—for your health and 
safety in these difficult times. 

The COVID-19 pandemic has impacted many aspects of our lives. Following the 
recommendations on social distancing, and not wanting to postpone the event any longer, 
we moved the face-to-face meeting to a virtual one. 

The CMSMS’21 is organized by Joint Institute for Nuclear Research (Dubna), West 
University of Timisoara, Institute of Continuous Media Mechanics of Russian Academy of 
Sciences (Perm), UNESCO Chair of the Belarusian National Technical University,  Abdus 
Salam International Centre for Theoretical Physics, “Horia Hulubei” Institute of Physics 
and Nuclear Engineering (Bucharest) and Romanian Society of Physics.   

Soft magnetic and complex matter topics encompasses such fascinating materials as 
ferrofluids, magnetorheological fluids and polymers, magnetic colloids, ferrogels and 
magnetic and non magnetic different nanoparticles, their associations with biomolecules 
and cells, other biocomponds and nanostructures and their applications. A highlight of this 
field is its large interdisciplinarity: this area has brought together scientists from condensed 
matter physics, theoretical physics, chemistry and biology. While many of these systems 
have been investigated for a long period of time, only recently their common features have 
come into focus. 

The aim of the CMSMS is to bring together both prominent scientists and students 
covering a broad range of scientific fields entering complex and magnetic soft matter 
systems research. The conference consists of invited talks, oral presentations and posters. 
Some of the topics include: theory, simulations, and experimental research in physical, 
mechanical, structural, chemical, materials science, and biological aspects of soft complex 
matter with special emphasis on soft magnetic matter (magnetic elastomers, ferrogels, 
ferroliquid crystals, associations of nanoparticles with biomolecules and cells, etc.); aspects 
of applied studies at large-scale research facilities, such as IBR-2, SOLARIS and others 
will be considered. 
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The workshop will provide a forum to share and discuss the latest advances for all 
active researchers in this field.  

First International Summer School and Workshop “Complex and Magnetic Soft 
Matter Systems: Physico-Mechanical Properties and Structure” (CMSMS’12) was 
organized by Joint Institute for Nuclear Research (Dubna), West University of Timisoara, 
Institute of Continuous Media Mechanics of Russian Academy of Sciences (Perm), “Horia 
Hulubei” Institute of Physics and Nuclear Engineering  (Bucharest) and Romanian Society 
of Physics, and took place from 3 to 7 September 2012 in Alushta (Ukraine) at the JINR 
Spa Hotel. It has brought together 32 specialists (top-level experts and young researchers) 
from Russia, Romania, Moldova, Belarus, Ukraine, France and Germany working on 
interdisciplinary problems in soft matter. Their contributions totaled 37 works. 

The second event (CMSMS’14) was organized in Dubna from 29 September to 3 
October 2014. It has brought 65 participants from Russia, Romania, Poland, Slovakia, 
Germany, and France. More than 10 invited speakers from Russian and foreign institutions 
provided a brief overview of several important research issues in complex and magnetic 
soft matter fields. Young scientists demonstrated a high level at both the poster session and 
the oral presentation. The programme included an excursion to the Frank Laboratory of 
Neutron Physics, where the participants visited the pulsed reactor IBR-2 and the IREN 
facility. 

The third event (CMSMS’17), organized in Dubna from 28 to 30 June 2017, has 
brought 60 scientists from Azerbaijan, Belarus, Germany, Poland, Romania, Russia, and 
Slovakia. A number of 14 invited lectures delivered concise overviews of actual research 
issues in the school topics. Young scientists were encouraged to present their results in oral 
talks. The poster sessions extended the frame of oral sessions providing opportunities for 
the scientific exchange in personal discussions to be continued. The presentations amounted 
to 35 contributions. 

The main objective of CMSMS’21, hosted by the West University of Timisoara, is 
to exchange the latest research findings in the scope of the meeting. Around 90 pre-
registered authors submitted their contributions. Young scientists were encouraged to 
present their results in oral talks. 

The Organizing Committee is very grateful to Romanian Plenipotentiary to JINR, to 
the Romania-JINR Cooperation Committee, to Frank Laboratory of Neutron Physics of 
JINR and West University of Timisoara for the financial support of the CMSMS’21. The 
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conference received support under the RO-JINR Grant №267/20.05.2020 items 20, 33 and 
RO-JINR Projects № 396/27.05.2019 item 44, №268/20.05.2020 items 29, 30, 31. 

We express special gratitude to the West University of Timisoara Physics Department. 
With all this, we hope that CMSMS’21 will be again a successful and stimulating 

scientific event. 
      Program and Local Organizing Committee 
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Avdeev M.V. 

Ferrofluids at interfaces by neutron reflectometry 

Avdeev M.V.1, Kopcansky P.2 

1 Joint Institute for Nuclear Research, Dubna, Russia 
2 Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia 
e-mail: avd@nf.jinr.ru 

The report reviews recent experiments on neutron reflectometry from ferrofluids at 
interfaces with solids. Study of the adsorption and arrangemnt of magnetic nanoparticles 
on solid surfaces is of current interest. In general, the dipole-dipole interaction between 
magnetic nanoparticles in ferrofluids enhances the layering of the particles on a planar 
surface. Still, the chemical interactions in the system affect much this process. It can be 
controlled by specular neutron reflection using a special design of the experiment when a 
flat neutron beam passes, meets and is reflected from the solid-liquid interface through a 
massive (here, single crystal silicon) block characterized by sufficiently high neutron 
transmission. The formation of the adsorbed layers of magnetic nanoparticles can be well 
seen in the reflectiviy curves interpreted in terms of the scattering length density distribuiton 
along the interfacae depth.  The appearance and modifications of such layers were studied 
for ferrofluids based on different liquid carriers aimed at claryfying the effect of the 
structural stability in bulk on these processes [1-3]. The correlation with the formation of 
the adsorbed layers and aggregate state of the ferrofluids was analyzed. The research then 
were extended to the modification of the external conditions which affect the structural 
stability of ferrofluids in bulk. Thus, the effect of non-homogeneous magnetic fields 
(applied along the normal) on the particle assembly formation for a very stable ferrofluid 
was studied. At sufficiently high magnetic flux density, the enhancement of the layering 
was observed [4].  

[1] Avdeev M.V., V.I. Petrenko, I.V. Gapon, L.A. Bulavin, A.A. Vorobiev, О. Soltwedel, M. Balasoiu, 
L. Vekas, V. Zavisova, P. Kopcansky, Appl. Surf. Sci. 352 (2015) 49 – 53 

[2] Kubovcikova M., Gapon I.V., Zavisova V., Koneracka M., Petrenko V.I., Soltwedel О., Almasy L., 
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Whereas some express the opinion that its role is so crucial that isotropic materials 
demonstrate little effect, others discern no difference between elastomers with and with no 
internal orientation. It has been noticed that magnetic elastomers polymerized under the 
influence of a magnetic field exhibit different elastic properties depending on the strain 
vector [1]. The present research has been dedicated to the elasticity anisotropy observed 
during stretching a strip of magnetic elastomer. Magnetic elastomers were synthesized by 
the conventional method assuming thorough mixing a magnetic filling powder with liquid 
silicone resin and vacuuming the suspension followed by distributing it on a glass plate and 
polymerization at an elevated temperature. As was found out from the following mechanical 
tests, application of a constant magnet causes a somewhat more pronounced effect; the 
following series of experiments were carried out using an electromagnet only. As the filling 
materials, there were used carbonyl iron powders, magnetite with cubic- and needle-shaped 
particles, iron fakes, mixtures of several magnetic powders. After polymerization in a 
magnetic field, MAE samples, containing carbonyl iron and γ-Fe2O3 particles, prepared in 
the form of a thin layer demonstrated structure formation as is shown in Fig1. 

 

  

Fig. 1 Film structure of a magnetic elastomer 
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The samples were subsequently subjected to stretching in a pull test machine, during 
which their elasticities and strains at break were determined for two types of samples, 
namely cut from a strip in the direction parallel and perpendicular to the exterior magnetic 
field (as they are named in Fig. 2). 

  

Fig. 2. Dependence of the elastic modulus at break of MAE on strain applied parallel and perpendicular 
to the magnetic field applied during polymerization 

The obtained results suggest that samples stretched in a way parallel to the magnetic 
field used during polymerization exhibit a higher elasticity modulus in comparison to those 
cut out in a way perpendicular to the field. Thus, the elongations at break demonstrate 
opposite tendencies: samples stretched perpendicular to the magnetic field exhibit a higher 
elongation at break. 

This investigation was carried out using samples with different concentrations of 
magnetic filler. Within the frames of this series of experiments, samples with high 
concentration were studied, because lower concentrations smooth out the effect. The fewer 
the magnetic particles are, the weaker the response of the sample is. 

This phenomenon is determined by the specifics of the interior structure of magnetic 
elastomer, namely, by the distances between the particles and their agglomerates dispersed 
inside it. Along the direction parallel to the field used during preparation these distances are 
shorter in comparison to those separating particles in a perpendicular direction. 

Financial support from the Russian Science Foundation (Grant #19-13-00340) and 
RFBR (Grant #19-53-12039) is gratefully acknowledged. 
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The use of responsive materials, which characteristics can be significantly modified in 
a controlled way, is already providing the basis for many applications, including sensors 
and actuators. Among such devices are piezoelectric sensors [1], actuators with 
electroactive materials [2] and thermo-responsive grippers [3]. Magnetoactive elastomers 
(MAEs) form a special group of intelligent elastic compounds that exhibit a change in their 
shape and properties under the influence of applied magnetic fields. This is because they 
are made of magnetic microparticles embedded into a non-magnetic silicone matrix. Such 
a structure may therefore provide a wider technological application of MAEs compared to 
their liquid counterparts like ferrofluids and magnetorheological fluids [4,5]. 

This work focuses on the design and implementation of an MAE as functional 
vibrating element of an acceleration sensor. The proposed sensor system, as shown in 
Figure 1, consists of a straight beam, which is fixed to a housing at the top and made of an 
MAE with a concentration of 76.2 wt% of carbonyl iron powder. The beam is located inside 
of a cylindrical electromagnetic coil, the axis of which coincides with the beam’s axis. Due 
to an external unidirectional excitation of the housing, the MAE beam displays in-plane 
bending vibrations. The key point is that the nearly vertical magnetic field generated in the 
inner area of the coil leads to a magnetisation of the MAE beam, which in turn changes 
considerably the vibration characteristics of the beam. Mostly, its basic eigenfrequency of 
transverse bending is the greater, the greater the current through the coil [6]. Experimental 
results of the steady-state response amplitudes show that the first eigenfrequency of the 
MAE beam is 8.95 Hz for a current of 0.5 A and 15.55 Hz for 2 A. This effect of the 
reversible tuning of the vibration characteristics is a basis for realisation of a variable 
sensitivity range. 

The magnetic field in the inner area of the coil has also the second functional meaning. 
Its distortions caused by in-plane bending vibrations of the magnetised MAE beam can 
provide information to detect external mechanical excitation, e.g., acceleration [7]. The 
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implemented field measurement strategy is to use two Hall-effect sensors that are fastened 
symmetrically to the inner tube of the housing at the height at which they can be touched 
by the end of the beam during its in-plane bending vibrations. Both sensors measure the 
horizontal components of the distorted magnetic field. The difference of these field values 
is the higher, the greater the deflection of the beam from its vertical equilibrium state.  

Our prototype of the acceleration sensor with the MAE vibrating element is studied 
experimentally in response to a harmonic kinematic excitation of the housing and in the 
case of shock vibrations. The results are based on a comparison of applied excitations 
measured by a laser triangulation sensor with the field distortions recorded by the 
acquisition of the Hall sensor signals. It is shown that by changing the current in the coil, 
one can switch reversibly the configuration of the MAE vibrating element between the 
low/high frequency response and resonance response. For shock measurements, the applied 
acceleration peak value is proportional to the determined field distortion. 

Financial support by the Deutsche Forschungsgemeinschaft (DFG) under the projects 
BE 6553/2-1 and ZI 540-17/3 is gratefully acknowledged.  
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Figure 1. Prototype of an MAE-based vibrating sensor element 
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Magnetorheological (MR) elastomers are composites based on an elastic polymer 
matrix and magnetic microparticles. The matrix of these composites usually is viscoelastic. 
It is expected that the presence of magnetic filler particles significantly changes the 
mechanical properties of the matrix. Furthermore, external stimuli, in particular magnetic 
fields, are used to control the viscoelastic response of MR elastomers. Thus, a correct 
quantitative characterization of the MR elastomer viscoelastic behavior under and without 
external magnetic field is one of the priority tasks in the field of MR technologies. 

The most popular method for examining the viscoelastic response of MR elastomers 
is the shear oscillating test. In this test usually commercial rheometers are involved. The 
current talk addresses critical points related to the oscillating shear measurements, which 
are often ignored in experimental studies of MR composites as well as of even conventional 
unfilled elastomers. We compare different types of measuring techniques using a 
rheometer. Specimens of various geometries and compositions are used in order to critically 
evaluate the results obtained. Advantages and disadvantages of the rheometric oscillating 
shear test are outlined.  

Financial support by Deutsche Forschungsgemeinschaft (DFG) under Grant No. Bo 
3343/3-1 within PAK907 is gratefully acknowledged. 
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The dynamic (frequency-dependent) magnetic susceptibility χ(ω) in a highly clustered 
ferrofluid is studied using a combination of Brownian dynamics simulations and analytical 
theory. The particles are modeled as dipolar soft spheres, and magnetic relaxation occurs 

only through Brownian rotation with a timescale τB.  

For ferrofluids with moderate dipolar coupling constants (λ ≤ 4), the imaginary (out-

of-phase) part of χ(ω) shows a single peak at a frequency below 1/τB due to the effects of 
interparticle interactions [1,2]. The focus of this new work is how chain and ring clusters 
affect the spectrum, and therefore a system at very low volume fraction (0.05%) and with 

1 ≤ λ ≤ 8 is studied. With λ ≤ 4, the particles are not clustered, and χ(ω) is of the 

aforementioned simple form. With 5 ≤ λ < 7, the particles form chains, and low-frequency 

features appear in χ(ω), which are associated with chain rotation. With λ ≥ 7, rings are the 

predominant structural motifs, and these give rise to new, high-frequency features in χ(ω). 
By analyzing an effective Langevin equation of motion for a single particle in the 

overdamped regime, the new, high-frequency features in χ(ω) are shown to be due to 
motions of the particle dipole moments within ring clusters. Accompanying the structural 

progression, the static susceptibility χ(0) first increases, and then decreases, with increasing 

λ, and a classical density functional theory [3] describes and explains the trend very well. 

[1] Sindt J.O., et al., Physical Review E. 93(6), 063117 (2016). 
[2] Ivanov A.O., Camp P.J., Physical Review E. 98(5), 050602(R) (2018). 
[3] Kantorovich S., et al., Physical Review Letters. 110(4), 148306 (2013). 
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Behavior of systems with rotating particles (spinners, rollers) attracts interest from the 
point of view of active systems. Quincke rollers [1] and rotating membrane proteins [2] are 
just a few examples. An interesting system of this kind is described in [3] where it is shown 
that the ensemble of magnetic droplets rotating under the action of a rotating field forms a 
structure with hexagonal order. Here we describe a theoretical framework which may 
elucidate what is going on. 

The rotating droplet is represented by the rotlet [4] which creates the velocity field  

𝑣𝑣��⃗ �𝑟𝑟��⃗ � =
𝑀𝑀����⃗ × 𝑟𝑟��⃗
8𝜋𝜋𝜋𝜋𝑟𝑟3 

where 𝑀𝑀��⃗  is the torque acting on the droplet. The set of equations of motion of the droplets 
in the ensemble reads  

𝑑𝑑𝑟𝑟��⃗ 𝑖𝑖
𝑑𝑑𝑑𝑑 = �𝑣𝑣��⃗ (𝑟𝑟��⃗ 𝑖𝑖 − 𝑟𝑟��⃗ 𝑗𝑗)

𝑖𝑖≠𝑗𝑗
 

Scaling the length with a radius of the droplet 𝑎𝑎 and time by Ω the set of equations for 
the 2D case may be put in Hamiltonian form [5] 

𝑥𝑥𝑖𝑖̇ =
𝜕𝜕𝜕𝜕
𝜕𝜕𝑦𝑦𝑖𝑖

̇

; 𝑦𝑦𝑖𝑖̇ = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

̇

  (1) 

Set of Eqs.(1) has the integral  

𝐻𝐻 =
1
2
�

1
|𝑟𝑟𝑖𝑖 − 𝑟𝑟𝑗𝑗|

𝑖𝑖≠𝑗𝑗

 

Numerical simulation of Eqs.(1) shows that starting from some random configuration 
the ensemble of droplets remains in an disordered state (Fig.1a). It is important to remark 
that the rotational invariance of the Hamiltonian gives the second invariant [5] 

�(𝑥𝑥𝑖𝑖2 +𝑦𝑦𝑖𝑖2)
𝑖𝑖

 

which together with the conservation of the mass center position shows that the droplets 
remain at finite distances from the origin. 
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The behavior of the system changes considerably when the particles are made to repel 
each other. The formation of the ordered pattern when the droplet velocity due to the 
repulsive interaction between particles with the indices i and j 

𝑣𝑣��⃗ 𝑟𝑟𝑟𝑟𝑟𝑟�𝑟𝑟��⃗ 𝑖𝑖 − 𝑟𝑟��⃗ 𝑗𝑗� = 𝜆𝜆0�𝑟𝑟��⃗ 𝑖𝑖 − 𝑟𝑟��⃗ 𝑗𝑗�𝑓𝑓(�𝑟𝑟��⃗ 𝑖𝑖 − 𝑟𝑟��⃗ 𝑗𝑗�) 
where  

𝑓𝑓(𝑟𝑟) = 𝑒𝑒(− 𝑟𝑟
𝑟𝑟𝑟𝑟)/𝑟𝑟 

is added is shown in Fig.1b. It is interesting to note that ordered structures may contain 
disclinations as shown in  (Fig.2) and observed experimentally [3]. 
Research is founded by M-era-net project FMF No.1.1.1.5/ERANET/18/04.  

  

Fig.1. Particle ensemble at t=50 without (a, left) and with (b, right) particle repulsion starting from 
random state 

 

Fig.2.. Experimentally observed pattern of rotating magnetic droplets visualized by Delaunay 
triangulation. The dot color represents the number of neighbors in the lattice: red, green, blue 

correspond to 5, 6, 7, respectively. 

[1] Bricard A.,Coussin J.B.,Desreumaux N.,Dauchot O., and Bartolo D., Nature. 503,95-98 (2013) 
[2] Oppenheimer N., Stein D.B., and Shelley M.J.,Phys.Rev.Lett. 123, 148101 (2019) 
[3] Stikuts A.P., Perzynski R., and Cebers A. JMMM. 500, 166304 (2020) 
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The investigation of the dynamic response of a ferrofluid on an AC magnetic field is 
of academic interest but also important for a number of applications. In diluted ferrofluids, 
where the dipolar interparticle interactions can be neglected, the dynamic theory is quite 
well developed for a wide range of AC field amplitudes. However, this theoretical approach 
is not sufficient when we deal with the high ferroparticle concentration where interparticle 
interactions play a key role. Many attempts have been made to include the effects of dipolar 
interactions to predict the dynamic response of ferrofluid (for instance, [1, 2]), but the 
obtained results can be applied only to weak AC fields. For a number of applications, 
however, the knowledge of the dynamic response in large AC fields is of vital importance. 
For example, in magnetic hyperthermia and magnetic particle imaging the ferroparticles are 
exposed to AC fields with a high amplitude. In the present work, a theory for the frequency-
dependent magnetic susceptibility of a ferrofluid in an AC field with an arbitrary value of 
the amplitude is developed, including the dipolar interactions between the ferroparticles. 

The ferrofluid is modelled as a suspension of spherical, uniformly magnetized 
particles. It is assumed that the relaxation of the magnetic moments of the ferroparticles 
occurs according to the Brownian mechanism. The rotational motion of a magnetic moment 
is described by the probability density which is the solution of the Fokker-Planck equation. 
The interparticle dipolar interactions are taking into account with the help of additional term 
into the Fokker-Plank equation. This term is determined on the base of the modified mean-
field theory [2] in a systematic way, based on classical statistical mechanics. It describes 
the overall magnetic field produced by all other magnetic dipoles in addition to an AC 
magnetic field. The numerical solution of the Fokker-Planck equation is provided using the 
finite difference scheme with weights for convection-diffusion problems [3]. The 
probability density is used for the calculation of the real and imaginary part of the 
susceptibility. It is shown how various features of the susceptibility spectrum depend on the 
ferroparticle concentration, an AC magnetic field amplitude (Fig. 1), and intensity of 
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interparticle dipole-dipole interaction. Also, the dependence of the relaxation times of the 
magnetic moments on amplitudes of an AC field is studied. 

On the basis of numerical calculations of the dynamic susceptibility, using the least 

squares method, simple analytical formulas were obtained for the real χ’ and imaginary χ’’ 

parts of the susceptibility of a ferrofluid depending on the amplitude α of the AC field and 
the Langevin susceptibility. 

 

Figure 1. Imaginary (a) and real (b) parts of susceptibility versus reduced frequency f of the AC field 
for different field amplitudes a of the AC field. The Langevin susceptibility is χL=0.419. 

 
The study was funded by RFBR, project number 20-02-00358. 
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Relaxation timescales in the magnetization dynamics of Brownian magnetic 
nanoparticles are studied using a combination of Brownian dynamics simulations and 
analytical theory, paying particular attention to the collective effect of the interparticle 
dipole-dipole interactions. The particles are modeled as dipolar soft spheres, and single-

particle magnetic relaxation occurs only through Brownian rotation with a timescale τB. 
The collective time dependence is predicted analytically by solving the Fokker-Planck 
equation for the one-particle orientational distribution function. Interactions between 
particles are included by introducing an effective magnetic field acting on a given particle 
and arising from all of the other particles. Computer simulations are performed for 
monodisperse and bidisperse systems, and two different cases are studied. In the first case, 
the dynamic magnetic response of a ferrofluid to a weak AC magnetic field [1,2], and the 
frequency spectrum of the initial magnetic susceptibility, are calculated for various particle 
volume fractions and dipolar coupling constants. In the second case, the magnetization time 
decay under zero-field conditions, from an initially saturated state to zero magnetization at 
equilibrium, is investigated [3]. 

The main conclusion is that the effects of interactions are very significant. In each of 
the cases studied, the collective relaxation time of a moderately concentrated, weakly-

interacting, monodisperse dipolar fluid is well described by the expression τeff =τB [1+χL/3], 

where χL stands for the ferrofluid Langevin susceptibility. Moreover, the effect of particle-
size polydispersity is more pronounced for interacting particles, and the susceptibility 
spectra can be changed significantly by the influence of the collective interactions. 

[1]  Sindt J.O., et al., Physical Review E. 93(6), 063117 (2016). 
[2]  Ivanov A.O., Camp P.J. Physical Review E. 98(5), 050602(R) (2018). 
[3]  Ivanov A.O., Camp P.J. Physical Review E. 102(3), 032610 (2020). 
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In classical magnetic fluids with spherical polydisperse nanoparticles, dominating 
dipolar interactions typically limit structural complexity to linear arrangements. Those 
linear chains and branched structures are replaced by closed ring-like aggregates if the 
magnetic interactions grow or temperature is reduced. The structure and the number of 
aggregates can also be affected by tuning of the system granulometruc composition. These 
three parameters, i.e. temperature, granulometric composition and particle material, are not 
the only ones that can be used to control the microstructure of the magnetic soft matter.  In 
this contribution I will show how a magnetostatic equilibrium state with noncollinear 
arrangement of the magnetic moments, as reported for ferromagnetic Janus particles, 
enables the controlled self-organization of diverse structures in two dimensions via constant 
and low-frequency external magnetic fields. Branched clusters of staggered chains, 
compact clusters, linear chains, and dispersed single particles can be formed and 
interconverted reversibly in a controlled way. The structural diversity is a consequence of 
both the inhomogeneity and the spatial extension of the magnetization distribution inside 
the particles.  Next, I will discuss how after changing the carrier of the magnetic particles, 
one can exploit the competition between magnetic and elastic forces to direct the self-
assembly. 
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It is well established that the magnetic response of magnetoactive elastomers (MAEs) 
strongly depends on the degree of magnetic particle rearrangement in magnetic fields, 
which is mediated by an interplay of magnetic and elastic interactions. Softer polymer 
matrices allow for larger particle displacements in a magnetic field leading to a larger 
magnetorheological effect. Thus, the significant advancements in controlling viscoelastic 
behavior of MREs have traditionally been achieved by adding large quantities of silicone 
oil (up to 70 mass%) to soften the matrix. Liquid component is prone to leaching and thus 
significantly limits applicability of such materials. In this work, we report on the 
development of new solvent-free, yet supersoft MREs. They are prepared from 
polydimethylsiloxane (PDMS) bottlebrush macromolecules, i.e., polymers with densely 
grafted side chains (Fig.1). The brush-like architecture expands the diameter of the polymer 
chains, diluting their entanglements without markedly increasing stiffness.  

 

Fig.1. Schematic representation of a bottlebrush magnetoactive elastomer. 

We demonstrated that combining two components (bottlebrush matrix and magnetic 
filler particles) is a synergistic tool for design of composites mimicking stress-strain 
behavior of various biological tissues. Bottlebrush architecture of the polymer matrix 
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allows to finely tune the material elastic modulus reducing it down to extremely low values 
while magnetic filler serves as an additional tool to control stress-strain behavior of MREs 
in a wide range of deformations including strain-stiffening. In the magnetic field, three 
orders of magnitude increase in the shear modulus of MREs was observed, which was 
accompanied by the material switching from a viscoelastic regime, characterized by values 

of the loss tangent, tanδ, close to unity, to an almost elastic one with tanδ close to zero. This 
level of viscoelasticity control can be obtained for MREs based on traditional linear PDMS 
matrices only by adding up to 70wt% of liquid plasticizer deteriorating MRE performance 
characteristics. The developed method for producing bottlebrush MREs by co-injection of 
components gives them additional advantages for biomedical applications. 

Financial support from the Russian Science Foundation (Grant #19-13-00340) is 
gratefully acknowledged. 
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Alzheimer’s disease (AD) is a conformational disease caused by the formation of 
senile plaques, consisting primarily of amyloid-beta peptides. The crucial role in this 
process at its pre-clinical stage is likely imparted by peptide-membrane interactions. The 
experimental data suggest several intriguing structural properties of biomimetic membranes 
that modulate such interactions. First, it is their sensitivity to the charge present in the 
surrounding environment. The structure of membranes changes for example with increasing 
concentration of ions, which appears to be an effect born by peculiar properties of ions and 
lipid themselves. Interestingly, the differences in lipid interactions with ions have been 
linked to the hydration properties of the ions. A plausible mechanism of action in the case 
of many membrane additives seems to be in shifting the water encroachment the way that 
bilayers absorb more or less water molecules. The hydration interactions appear to 
determine also the location of membrane constituents, such as cholesterol, melatonin, and 
amyloid-beta peptides. Moreover, cholesterol increases the order of lipid hydrocarbon 
chains while increasing the stiffness of membrane, in the contrary to the fluidizing effect of 
melatonin. The observations based on the neutron scattering experiments and MD 
simulations keep proving to be important for studies on amyloid toxicity and molecular 
mechanism of AD. For example, we have observed recently the changes in the membrane 
structural properties that were driven by the incorporation of amyloid-beta peptide to the 
system. During the temperature changes, the system experienced transitions between the 
vesicular and bicelle-like objects. The membrane shape changes were also accompanied by 
the dramatical changes in the membrane thickness. The conclusions of various 
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investigations can thus provide an understanding for the possible structural changes taking 
place within biological membranes at the onset of AD. 

 
Acknowledgement: This work has been supported by the Russian Science Foundation 

under grant 19-72-20186. 
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Structural studies play a key role in soft matter research, due mostly to the 
crystallography realized on synchrotron beam-lines. Small-angle neutron scattering on the 
other hand, is appealing to structural investigations of hydrogen-rich matter because of 
special features of neutrons. In particular, there are differing both the size and sign of 
scattering length density for hydrogen and deuterium that allow for employing the labeling 
and/or contrast variation methods.  

Here we present some results and possibilities of the “YuMO” small-angle neutron 
scattering spectrometer (IBR-2, JINR, Dubna, Russia) [1], such as structural behavior of 
lipid membranes under different conditions (temperature, pressure, humidity), structural 
studies of complex nanoobjects and their additional components including proteins, DNA, 
various viruses [2], phycobiliproteins of the cyanobacterium Acaryochlorismarina [3] and 
other proteins.  

Useful information about data treatment and experimental approach as well as 
examples using SANS facility for soft matter will be given [4-8]. 

 Kuklin A., Islamov A., Gordeliy V., Neutron News. 16(3), (2005). 
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Review of design, structural and physicochemical studies of nanostructures based on 
detonation Diamonds modified by metal-organic molecules to provide desirable functional 
properties (magnetic, fluorescent) has been presented. In these structures a mutual ordering 
of crystalline and molecular components was analyzed by neutron and synchrotron small 
angle scattering (SANS, SAXS). It delivered crucial information on subtle mechanisms of 
the interactions between organic molecules involving metal atoms (Diphthalocyanines, 
hydroxylated Endofullerenes captured Lanthanides) and Diamonds having positive surface 
potential in aqueous suspensions [1]. In aqueous solutions the optical absorption and X-ray 
luminescent properties of new objects are discussed regarding to their structure and 
composition relevant in biomedicine as effective contrasting agents in Magneto-Resonance 
Imaging (MRI) and photosensitizers in Photodynamic Therapy (PDT). We used expressly 
the Eu Diphthalocyanine (DPC) (Fig.1) with high photocatalytic and luminescent properties 
under UV and X-ray irradiation. The DPC molecules dissolved in dimethylformamide and 
transferred to aqueous dispersion of detonation Diamonds (DND Z+, 4.5 nm in size, ζ-
potential ~ +(30-40)mV) form complexes with them (DPC fraction CR = 0.1-1.0 % wt.), 
confirmed by optical absorption and dynamic light scattering. In water the complexes (DPC 
fraction CR = 0.1-0.2 % wt.) created chain-like structures, but above critical DPC content 
CR* ~ 0.3 % became highly ordered into branched structures by diamonds’ linking via 
hydrophobic DPC molecules. Under X-ray irradiation the complexes with Eu atoms 
generated characteristic luminescence (wavelengths ~ 600-700 nm) that can be used for 
photosensitizers’ excitation in PDT. 
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Fig.1. DPC molecule with metal 
atom (M) coordinated with 

ligands. Diamonds linking by 
DPC molecules with formation 

branched fractal structures. 

These new materials may serve as catalysts for singlet oxygen generation in 
surrounding media (air, water, biological tissues) for cleaning, photoreactions’ initiation, 
applications in recently developed X-ray induced photodynamic therapy (X-PDT).  Further 
we used the Fullerenols Gd@C82(OH)X (X~30) [2] to modify diamonds and create new 
structures with enhanced magneto-resonant and photodynamic properties. The formation of 
complexes of Fullerenols with DND Z+ was detected by UV-VIS absorption spectroscopy 
and small angle X-ray scattering (SAXS, Fig.2) showed subtle specific changes in SAXS-
profiles. 

 

 

Fig.2. SAXS intensity (left) 
vs. scattering vector 
modulus for aqueous 

solutions of complexes (1), 
pure diamonds (2) and 

fullerenol molecules (3) 
shown also (right). 

 

By NMR-measurements the associated Fullerenols comparative to free ones have 
induced 3-fold spin relaxation speed-up for protons in surrounding water that is really 
profitable in the creation of effective contrast agents for MRI-diagnostics.     

 
The work was supported by the Russian Foundation for Basic Researches (gr. No 18-

29-19008).  
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A theoretical model demonstrating the frequency (f) and magnetic polarizing field (H) 
dependence of the complex dielectric permittivity of ferrofluids (ε = ε’ - i ε”) is presented. 
The theory is supported by measurements on a number of ferrofluid samples subjected to 
constant polarizing magnetic field, H, ranging from 0 up to the approximate value of 170 
kAm-1, over the frequency range 100 MHz– 6 GHz.  

The complex dielectric permittivity was measured using a 50 Ω coaxial cell, in 
conjunction with a network analyzer [1]. The polarizing magnetic field was applied 
perpendicular to the axis of symmetry of the measuring cell. 

The experimental results show that the microwave permittivity of ferrofluids is 
determined by the Maxwell-Wagner-Sillars polarization phenomenon [2]. For well-
stabilized ferrofluids, in which there are no particle agglomerations, the effect of H on the 
permittivity spectrum is explained by the rotation of particles with non-zero eccentricity 
and their alignment with the major axis parallel to the magnetic field. For ferrofluids in 
which there are large agglomerations of particles, the effect of H on the permittivity 
spectrum is interpreted in terms of spin valve effect [2], which manifests itself for adjacent 
particles inside the aggregates. 

[1]  Fannin P. C., MacOireachtaigh C., Couper C., J. Magn. Magn. Mater.,322 2428–2833 (2010). 
[2]  Fannin P. C., Marin C. N., Malaescu I.,Stefu N., J. Phys.: Condensed Matter, 19 036104-036111 

(2007). 
[3]  Versluijs J.J., Bari M. A., Coey J. M. D., Phys. Rev. Lett., 87(2) 026601-1 - 026601-4 (2001). 
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Soft elastic materials, typically of polymeric origin, that contain rigid magnetic or 
magnetizable particles of colloidal size are frequently termed magnetic gels or elastomers, 
ferrogels or magnetorheological elastomers [1,2]. External magnetic fields induce magnetic 
interactions between the particulate inclusions, and via their mechanical coupling to the 
elastic environment, overall strains of the whole material can result. Thus, the use of 
magnetic gels and elastomers as soft magnetic actuators is conceivable.  

In the present contribution, we investigate how the spatial organization of the particles 
influences the type of globally observed deformation. Linear elasticity and isotropy of the 
embedding elastic medium are assumed, while the role of compressibility is explicitly taken 
into account. Our studies are based on analytical calculations. 

Altogether, we build on previous works, in which we had considered the magnetically 
induced configurational changes of particulate inclusions within an elastic bulk, far away 
from any system boundaries [3–6]. Displacements and rotations of the particles follow in 
response to the magnetically generated forces and torques. Our approach is confirmed by 
comparison with corresponding experimental examples [3,6].  

To calculate the deformational behavior of a finite-sized system, the central challenge 
is to introduce explicit boundaries [7]. For the present purpose, we focus on the most 
accessible geometry at hand, namely, an elastic spherical body. We transfer previous 
analytical solutions for deformable spheres embedded in an infinitely extended elastic 
material [8] to free-standing elastic spheres [9]. The effect of the individual magnetizable 
particles is included by accordingly positioned force centers in the sphere. For simplicity, 
we assume all particles to be magnetized by a homogeneous external magnetic field to 
saturation. From the induced collective distortions and their evaluations on the surface of 
the sphere, statements on the overall types and degrees of deformation can be derived.  

On this basis, we calculate explicitly the deformation profiles of the sphere when the 
embedded particles are organized in regular lattice patterns, or in a more randomized 
fashion [9]. We find that the internal particle arrangement has a quantitative and qualitative 
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effect on the type of deformation, for example, concerning changes in total volume, 
elongation or contraction along the field direction. In line with continuum theory and 
experiments [10,11], we observe that randomized particle configurations on average imply 
an elongation of the sphere along the external magnetic field. Changes of the 
compressibility can have a qualitative influence on the observed type of deformation. 

Besides, we investigate the effect of incorporating initially twisted particle structures 
by the elastic sphere [12]. As a consequence, torsional deformations can systematically be 
initiated by magnetic fields. This suggests the fabrication of magnetoelastic twist actuators. 
Moreover, we analyze systems of binary particle size distributions [13]. It turns out that a 
targeted adjustment of the particle size within a given particle arrangement can reverse the 
type of overall deformation. Thus the particle size provides another parameter to tune the 
global behavior of the materials.  

Altogether, we hope that our work will stimulate corresponding experimental 
developments and realizations to fully exploit the huge amount of degrees of freedom 
provided by the particle configuration in magnetic gels and elastomers. Accordingly, 
systems of optimized deformational response can be constructed. Especially, this requires 
the evolution of effective experimental methods to position a large number of particles in a 
continuous elastic medium in prescribed ways. An important advance towards the 
fabrication of materials of tailored magnetomechanical behavior will thus be achieved.  

 
We acknowledge support of our work by the German Research Foundation (DFG) 

through the priority program SPP 1681 and through a Heisenberg Grant.  
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Over the past few decades, there has been a great deal of interest in the aqueous self-
assembly of surfactant molecules into giant wormlike micelles (WLMs). These cylindrical 
aggregates undergo reversible breakdown processes and in favorable cases can grow up to 
few tens of micrometers that is comparable with the length of high molecular weight 
polymer. 

Rheometry, small-angle neutron scattering, and cryo-transmission electron 
microscopy were combined to investigate the structure and properties of mixed WLMs of 
zwitterionic oleylamidopropyl dimethyl betaine and anionic sodium dodecylsulfate 
surfactants. This system demonstrates the formation of giant linear long-lived WLMs, 
which even at extremely low surfactant concentration reach a sufficient length to entangle 
with each other and form a three-dimensional temporally persistent network. Stability of 
these micelles can be due to electrostatic attraction between the headgroups of the anionic 
and zwitterionic surfactants and favorable volume/length hydrophobic ratio in the 
surfactant mixture. Heating of these systems leads to the transition of temporally persistent 
network with predominantly elastic properties into transient network exhibiting 
viscoelasticity, which is due to the shortening of long-lived WLMs. At increasing surfactant 
concentration, the long-lived linear micelles transform into fast-breaking branched 
micelles, which is due to the screening of electrostatic interactions by salt released from the 
dissociated surfactant molecules. The transition results in the drop of viscosity and 
approaches the system to the behavior of Maxwell fluid with a single relaxation time.  

Stable viscoelastic suspensions of bentonite clay particles in semi-dilute solutions of 
wormlike micelles of mixed surfactants were elaborated [1]. They represent a novel type of 
soft nanocomposite with tunable viscoelastic matrix. Structural studies revealed that the 
clay is dispersed in a dense network of entangled wormlike micelles in the form of 100-nm 
tactoids. Rheological investigations demonstrated that clay particles can induce an increase 
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of viscosity by up to one order of magnitude. The effect of the clay becomes more 
pronounced with increasing content of anionic surfactant in the mixture with zwitterionic 
surfactant, when the micelles become branched. This behavior was explained by the 
stabilization of micelle-nanoclay junction points due to the screening of the repulsion 
between positively charged fragments of zwitterionic head groups by added anionic 
surfactant. As a result of stabilization, the lifetime of surfactant-nanoclay junctions becomes 
much larger than the breaking time of micelles.  The elaborated systems are of interest for 
many industrial applications. 

This work was supported by the Russian Science Foundation (project № 17-13-
01535). 
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The term "Smart Materials" has been used for many years both in scientific literature 
and in the press in general. This raises the question of what is meant by "smart materials"? 
If one looks at the literature here, it is generally assumed that these are materials whose 
properties can be altered by external stimuli. The number of possible stimuli is unbelievably 
large. 

If one looks at materials whose influence can be 
technically used, magnetic hybrid materials represent a 
prototype of the "smart materials" class. These materials, 
which consist of magnetic nano- or microparticles in a non-
magnetic matrix, can be controlled by the effect of magnetic 
fields. 

If a simple Newtonian liquid is chosen as the matrix 
material, ferrofluids or magnetorheological fluids are obtained 
depending on whether magnetic nanoparticles or 
microparticles are used. The change in particle size alone leads 
to significant changes in material behavior in the magnetic 
field. While ferrofluids not only allow a change of their 

properties in the field but also an active magnetic flow control, magnetorheological fluids 
can be used to set a magnetically induced yield stress, e.g. for technically relevant force 
transmissions. 

The possibility of influencing the material properties becomes even more extensive if 
more complex materials for the non-magnetic matrix are used instead of a simple 
Newtonian fluid. Liquid crystals, polymer solutions or blood can significantly expand the 
spectrum of liquid magnetic hybrid materials - even with a clearly application-relevant 
focus. 

If elastomers or gels are used instead of fluid matrix materials, a new class of materials 
is generated that has been researched for about 15 years and is usually referred to as 

 
Ferrofluid under the effect 
of the magnetic field of a 
simple electromagnet 
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magnetic elastomers. In these materials, both the modulus of elasticity can be influenced 
by magnetic fields and actuator deformations of the material can be induced. With these 
materials, too, the possibility of varying the magnetic as well as the non-magnetic 
component offers the opportunity to produce tailor-made materials for specific applications. 

However, the targeted adjustment of material properties requires a detailed, cross-scale 
understanding of material behavior. At this point, variations in material behavior must be 
combined with microstructural changes, for which e.g. X-ray microtomography is an 
excellent tool. 

In the context of the talk especially the use of X-ray microtomography for 
microstructural investigations and the link of such data to macroscopic properties will be 
discussed. 

 
Magnetically induced magnetic formation of magnetic particles in a magnetic elastomer - made visible 

by X-ray microtomography. 



CMSMS 2021 – Book of Abstracts 46 

Perzynski R. 

Thermodiffusion of charged nanoparticles dispersed  
in EAN and water-EAN mixtures 

Fiuza T.1,2, Sarkar M.1, Riedl J.1, Repon G.1,3, Cousin F.4, Demouchy G. 1,3, Depeyrot J.2,  

Dubois E.1, Gélébart F.1, Mériguet G.1, Perzynski R.1, Peyre V.1 

1 Sorbonne Univ. CNRS, PHENIX Paris, France  
2 Inst. de Fisica, Complex Fluid Group, Univ. de Brasília, Brasília, Brazil 
3 Dpt de Physique - Univ. Cergy-Pontoise, 33 bd du port 95011 Cergy-Pontoise, France  
4 Lab. Léon Brillouin - CE-Saclay, Gif-sur-Yvette, France 
email: regine.perzynski@sorbonne-universite.fr 

Ionic liquids (ILs) are a wide class of solvents, purely constituted of ions, which can 
be liquid at room temperature and thus strongly differ from classical molecular solvents. 
They are interesting for many applications due to their properties different from those of 
classical molecular solvents (very low volatility, versatility, and depending on the liquid, 
large electrochemical domain, wide temperature range….); For example in thermoelectric 
applications [1,2] that could then be operational up to a few 100°C.  

Our work aims at developing new thermoelectric materials based on colloidal 
dispersions of maghemite nanoparticles (NPs) in IL solvents that are versatile, cost-
effective and non-toxic to assist the economically and environmentally sustainable energy 
transition [3]. For catching the main parameters which rule colloidal stability and 
thermodiffusive properties of such ferrofluids (FFs), we present here a study in a well-
known IL model system, Ethylammonium nitrate (EAN), miscible with water in any 
proportion [4,5]. Colloidal stability of FFs based on citrate-coated NPs in EAN and its 
aqueous mixtures is tested, together with the interparticle interaction, in a wide range of 
temperatures by Small Angle Scattering of neutrons or x-rays.  

The thermodiffusive properties of these NPs are then determined with a Forced 
Rayleigh Scattering (FRS) technique [6,7] by inducing periodic thermal gradients in the 

light-absorbing NP's dispersions. In such ionic colloids, a gradient of temperature (∇T) 

induces a gradient of particles (∇n) thanks to the Ludwig-Soret effect (thermodiffusion), 
and a local electric field (E) thanks to the Seebeck effect (thermoelectric effect), both effects 

being strongly coupled [5,7,8,9]. The Soret coefficient (ST) defined as (∇n = − n ST ∇T) is 
determined in stationary conditions, as well as the NP's mass diffusion coefficient (Dm) at 
the relaxation of the particle gradient, for various temperatures and concentrations.  
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In FF based on EAN, the ionic layering leads to a global interparticle interaction either 
repulsive or attractive, depending on nature of counterions and on water content. In water-
EAN mixtures, thermodiffusion measurements show a non-monotonic evolution

 
from the 

standard electrolyte behavior at low EAN fraction [8,9] towards that of the pure ionic liquid 
at large EAN fraction [5].  
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Magnetoactive elastomers (MAE) with highly coercive fillers possess an extended, in 
comparison with usual MAEs, set of parameters by variation of which one is able to control 
the functionality (mechanical deformation, in particular) of these composites. This 
advantage is due to a possibility to impart to those MAEs a permanent magnetization by 
`initiating’ them before use, viz. subjecting (and then withdrawing) a freshly prepared 
sample to/from a strong magnetic field. After such a treatment, the particles of NdFeB 
micron powder, which dwell inside the matrix until the end of polymerization in a 
demagnetized state, acquire substantial permanent magnetic moments. 

A magnetic field applied to a sample acts directly only on the embedded particles, so 
that the magnetic control over the sample as a whole, i.e., the macroscopic 
magnetomechanics is entirely defined by the type and strength of the links between the 
particles and matrix and the character of emerging mechanical stresses. In usual MAEs, 
which are filled with low coercive (magnetically soft) particles, they mainly respond to an 
applied field by translational displacements of their centers of mass under the influence of 
magnetostatic multipole forces. In the MAEs whose particles are magnetized beforehand 
and keep their magnetic moments, not less important is the rotational mode (the particle 
centers of mass do not move) induced by the mesoscopic field-induced torques. 

Until nowadays, for all the types of MAEs the question: to what extent of strength the 
particles are `glued’ to the matrix still lies untouched and unanswered. In the meanwhile, 
in the modern MAE theory the assumption that the point-to-point contact at the 
particle/matrix interface is used by default, i.e., as a postulate, despite a lack of any 
justification. 

In the present work, when considering MAEs with magnetically hard filler, we give 
physical grounds for two alternative models and discuss, whether it is possible to clarify the 
type of the particle/matrix coupling. 

Model I [1] is specialized for real composites with NdFeB Magnequench particles of 
nearly spherical shape where the matrix is a silicon elastomer. As the estimates show, yet 
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under the fields about 1 kOe, the magnetic torque acting on the particles with diameter ~50 
micron, is able to break the adhesion and `unleash’ the particle from the matrix. Upon 
acquiring rotational freedom, the particle begins to rotate inside the cavity and stops only 
when the magnetic torque falls below the adhesion one. Each adhesion break adds some 
irreversibility to the magnetization process and affects the shape of the magnetization loop. 
Notably, the coercivity of such MAEs is in no way connected to the intrinsic properties of 
the particles and, thus, might be to an arbitrary extent lower that the coercivity of the 
particles themselves provided the latter is sufficiently high. 

Model II [2] implies that the particles are non-spherical and, due to that, are congruent 
to the cavities which they occupy inside elastomer only in their initial positions. Besides 
that, we assume that particle/matrix adhesion is negligible in comparison with the particle 
Zeeman energy. This model, albeit it might seem not typical, has some unique features.  

Under a field that is not parallel to the anisotropy axis of a given particle, the torque 
on the part of the field strives to rotate the particle that makes the latter to `shoulder’ its way 
by perturbing the shape of the elastic cavity. The arising deformation of the matrix generates 
a resisting torque that impedes this displacement, and, thus, the urge of the magnetic 
moment to align with the applied field. A specific situation occurs, however, for the 
particles whose shape has some symmetry. For example, an ellipsoid-like particle has two 
magnetically different but geometrically identical states in its cavity. Because of that, the 

matrix resistance grows only until the angle of particle rotation does not exceed 𝜋𝜋/2. As 
soon as this border is trespassed, the torque produced by the matrix changes sign and now 
accelerates the particle in its fitting the cavity; on attaining the new state, the particle 
magnetic moment is inverted, i.e., the magnetization of the system is reversed. 

We note that in the practice, the synthesized MAEs are filled with NdFeB of different 
brands, so that one may encounter, among other, either of the above-presented cases: a 
MAE with spherical particles (which are accounted for by model I) as well as a MAE with 
particles of irregular shape and low adhesion (for which model II is appropriate). 

[1] Vaganov M.V. et al., Advanced Theory and Simulations. 2021. In press. 
[2] Vaganov M.V. et al., Journal of Magnetism and Magnetic Materials. 459, 92–97 (2018). 
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Multiferroics is a class of material where magnetism and ferroelectricity interact. 
Coupled electrical polarization and magnetization give rise to their mutual control. For 
example, the direct magnetoelectric (ME) effect is the magnetically tunable polarization, 
change of the value or direction of electrical polarization under the applied magnetic field. 
Magnetorheological smart materials are a class of composite materials having both 
rheological and magnetic properties [1]. This kind of material is usually composed of 
ferro(i-)magnetic micro- or nanofiller and elastic polymer matrix [2]. One of the advantages 
of the elastic polymer composites is that they can be easily shaped for a specific application, 
for instance, via using a 3d-printer [3].  

If the above properties (multiferroics and magnetorheological) are met in one 
continuity, these materials will merge attributes and advantages from both families. An 
interesting example is represented by the magnetoelectric polymeric composites — 
materials consisting of magnetic/magnetostrictive filler (e.g. magnetic nanoparticles) and 
piezopolymer matrix or polymer-bonded composites of ferroelectric and magnetic particles. 

For this work, nanocomposites (NCs) were prepared based on polyvinylidene fluoride 
(PVDF) and its copolymer with trifluoroethylene (PVDF-TrFE). The aim of this work was 
to increase the coefficient of magnetoelectric transformation in polymer-based NCs suitable 
for biomedical applications (requests of low frequencies and biocompatible components 
and/or surface). For this, two new approaches to the creation of NCs were applied: i) 
ordering of magnetic nanoparticles in a matrix using a constant magnetic field and ii) 
modification of NCs with ferroelectric BaTiO3 particles. As a result of the experiment, the 
value of the magnetoelectric coefficient was increased from  
~ 5 mV/cm·Oe for the composite of randomly distributed CoFe2O4 nanoparticles in PVDF 
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matrix to ~18.5 mV/cm·Oe for a composite of magnetic particles in PVDF-TrFE matrix 
with 5%wt of piezoelectric particles (Fig.1).  

 

Fig. 1. Dependencies of the ME voltage coefficient ( ) on DC bias magnetic field composites at  
AC field frequency of 10 kHz for PVDF-TrFE -based samples with ZCFO, BTO5/CFO and  

BTO10/CFO fillers. 

We tested the fabricated NCs for future use as biological interfaces for the activation 
of guided differentiation of neuronal stem cells. Neuronal stem cells cultured on the surface 
of PVDF substrates were able to proliferate and differentiate into the main types of nerve 
cells (neurons and glial cells). 

 
Acknowledgments: The work was supported partially by the Russian Science 

Foundation, project 21-72-30032. The authors thank colleagues: Dmitry Murzin, Yilin Han, 
Maxim Silibin, Elena N. Kozlova, Liudmila Makarova, Larisa Reznichenko, Yuriy N. 
Parkhomenko and his research group. 

[1] S.S. Kang, K. Choi, J. Do Nam, H.J. Choi, Magnetorheological elastomers: Fabrication, 
characteristics, and applications, Materials (Basel). 13 (2020) 1–24. 

[2] P. Martins, M. Silva, S. Reis, N. Pereira, H. Amorín, S. Lanceros-Mendez, Wide-range 
magnetoelectric response on hybrid polymer composites based on filler type and content, Polymers 
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A crucial simplification in most theoretical studies of magnetoactive elastomer (MAE) 
is the restriction to an exclusively linear magnetization behavior of the particle inclusions. 
However, in experiments often rather strong magnetic fields are applied where the linear 
behavior is no longer justified. Recently we developed a generalized formalism that 
provides a good approximation for low and intermediate field strengths and which is exact 
at large strengths in the saturation regime [1, 2]. The initial spatial distribution of particles 
and its change in an external magnetic field are considered. This is achieved by the 
introduction of an effective demagnetizing factor where not only the sample shape but also 
the MAE microstructure is taken into account. 

The formalism allows to consider the non-linearly magnetized samples of realistic 
shapes like cylinders and cuboids. For example, the average magnetization in the axially 
symmetric samples, with the external field applied along the axis of symmetry, is compactly 

characterized by two factors. macrof  defines the demagnetizing factor of a sample along its 

axis of symmetry and microf  is a scalar parameter describing the actual microstructure. 
Interestingly, the cylindrical and cuboidal samples exhibit a qualitatively similar 
macroscopic shape effect, compared to often studied spheroids. For the deformation and 
magnetization behavior of samples with stochastically isotropic particle distribution, a good 
agreement with explicit 2D micro-continuum mechanical modeling is demonstrated [3]. 

The generalized formalism allows us to calculate the stress induced by the external 
field in MAE samples fixed in a rheometer holder [2, 4]. The experiment is specially 
designed to access directly the influence of the sample aspect ratio in otherwise identical 
probes. This enables to separate the contribution of the macroscopic shape effect from the 
measured magnetic stress and thus to quantify the contribution from the microstructure 
effect. Clear trends for the isotropic and structured samples are established by fitting the 
theory predictions to the stress data measured in the experiment [2]. The samples prepared 
in the absence of magnetic field, and thus most likely containing microstructures close to 

isotropic, are characterized by the values of microf  closer to zero. Contrary, the structured 
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samples prepared in the presence of magnetic field have a noticeably increased microf  typical 
for chain-like structures.  

The elongated microstructures are investigated recently in more detail on hand of 
helical chains with different angles between adjacent particles [5]. This allows to identify 
effects of local particle rearrangements in MAEs on their macroscopic behavior. Again, a 
remarkable agreement with explicit 3D micro-continuum modeling is observed. 

 
Financial support from Deutsche Forschungsgemeinschaft (DFG) via priority 

programme SPP 1713 (grant GR 3725/7-2) is gratefully acknowledged. E.Yu. Kramarenko 
is grateful to the Russian Science Foundation for financial support (grant No. 19-13-00340). 
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Dispersing magnetic particles in a nonmagnetic matrix enables the transmission of 
force and torque to the material without contact. In a mechanically soft environment, the 
propulsion of the magnetic inclusions entails elastic deformations, and such composites 
constitute a particular class of shape-programmable matter. The present study focused on 
two physical aspects which are crucial for the efficiency of torque-driven deformation of 
magnetic nanocomposites: the maximum torque associated with the anisotropy of magnetic 
nanoparticles and their local rotation in a soft elastic matrix. A microscopic model 
accounting for both factors was obtained from a detailed study of nickel nanorod/hydrogel 
composites. 

The Ni nanorods, prepared by a template method [1, 2], are ferromagnetic single 
domain particles with uniaxial shape anisotropy, Figure 1. Their reversible magnetization 
properties could be well described by the Stoner-Wohlfarth (SW) model [3] after replacing 
the theoretical anisotropy constant KA for an idealized homogenous spheroidal particle, as 
assumed in the SW-model, by an empirical model parameter. Exploiting the optical 
anisotropy of Ni nanorods enabled the detection of particle orientation and the investigation 
of particle-matrix interaction using polarized light optical transmission of dilute 
nanocomposites [4]. Ni nanorods, dispersed in soft elastic hydrogels revealed reversible 
rotation of the particle axis as function of magnetic field and orientation of the particle axis. 
The extended eSW model [4, 5], accounting for elastic particle rotation and the empirical 
anisotropy constant provided a quantitatively consistent description of the effective 
magnetic torque per particle as function of field and orientation. The torque density, derived 
from this microscopic eSW model, was implemented in a continuum calculation of 
macroscopic deformation and validated by comparison with experimental results.  
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Figure 1: a) TEM image of Ni nanorods. b) Photographic image of a textured Ni nanorod/PAM 
filament in a homogeneous magnetic field of µ0H=100 mT. For magnetic texturing, the nanorods were 
aligned parallel to the filament axis during polymerization and magnetized up/down in the upper/lower 
half of the filament, respectively. c) Computed bending profile with torque density obtained from the 

eSW model.  

Thin filaments of textured Ni nanorod/polyacrylamide (PAM) hydrogel composites were 
prepared and the torque-driven bending and torsion in a homogeneous magnetic field 
measured, Figure 1b. The comparison with model calculations, Figure 1c, provided 
detailed information on the microscopic state of the magnetic nanoparticles inside the 
deformed composite. The contribution of finite magnetic anisotropy and local elastic 
rotation was found to vary significantly, depending on experimental conditions, e.g., the 
nanorod volume fraction or the elastic modulus of the filament matrix material. 

Irreversible switching of the magnetization in opposite direction reverts the direction 
of the local torque which may be detrimental and requires proper design of the magnetic 
texture. On the other hand, such magnetization reversal allowed a re-programming of the 
field-dependent shape profile. 

[1] Nielsch, K., Müller, F., Li, A., Gösele, U., Advanced Materials 12, 582-586 (2000). 
[2] Bender, P., Günther, A., Tschöpe, A., Birringer, R., Journal of Magnetism and Magnetic Materials 

323, 2055-2063 (2011). 
[3] Stoner, E.C., Wohlfarth, E.P., IEEE Transactions on Magnetism 27, 3475–3518 (1991). 
[4] Schopphoven, C., Tschöpe, A.,  Journal of  Physics D: Applied Physics 51, 115005 (2018). 
[5] Bender, P., Tschöpe, A., Birringer, R., Journal of Magnetism and Magnetic Materials 346, 152-160 

(2013). 
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Pulmonary surfactant (PS) lines the interior of the lung alveoli and acts to lower the 
surface tension at air-liquid interface. PS is composed of lipids (~90 %) and ~10 % specific 
surfactant associated proteins. The absence of PS due to prematurity, or its damage, is 
treated by exogenous PS in neonatal medicine. Curosurf (Cur), clinically used exogenous 
PS extracted from porcine lung tissue consists of phospholipids and a small amount of the 
essential SP-B and SP-C proteins (~2 %). The hydrophobic protein SP-B generates oligo- 
and multi- lamellar organization of Cur. We determined structural parameters of Cur, the 
repeat distance d and the thickness of lipid bilayer dL, combining techniques of small angle 
X-ray and neutron scattering (SAXS and SANS). 

 Bacterial endotoxin, lipopolysaccharide (LPS), is the major component of the outer 
membrane of Gram-negative bacteria. In the lungs LPS interferes with PS resulting in its 
inactivation. Molecules of LPS interact with lipid bilayer of Cur and disturb its multi-
lamellar structure by swelling as revealed from SAXS. The observed structural changes 
were attributed to the surface charge unbalance of the lipid bilayers due to LPS insertion. 
Alongside, LPS prevents the exogeneous PS from reaching the necessary low surface 

tension (γmin) during area compression, mimicking the respiratory cycle in pulsating 
bubble surfactometer [1].  

Polymyxin B (PxB) is an antimicrobial decapeptide primarily used in clinical practice 
to treat infections by resistant Gram-negative bacteria. Recent experiments have shown the 
restoration of PS activity by PxB in LPS potentiated injury of immature rabbit lungs [2]. 
Our SANS experiments have shown that PxB facilitates fusion of unilamellar Cur vesicles 
with a slight decrease in the lipid bilayer thickness dL. Model system of PS prepared from 
a mixture of lipids (DPPC/POPC/PLPC/POPG) has shown similar behaviour. PxB acts as 
an inhibitor of structural disarrangement induced by LPS and restores original multi-

mailto:uhrikova@fpharm.uniba.sk
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lamellar packing as confirmed by SAXS. Alongside with structural restoration of the 
LPS/Cur system, the surface activity improved with increasing PxB concentration, as 

detected by the decrease in γmin [1].  
Our SAXS/SANS experiments performed with the exogenous PS of animal source 

revealed structural changes induced by endotoxin and the ability of PxB to restore the 
original arrangement. Obtained results reflect accurately the situation with a native lung 
surfactant as confirmed by recent in vivo study [2] and support the idea of PxB/Cur 
combined therapy in neonatal medicine.      

 
Acknowledgement: Small angle X-ray scattering (SAXS) experiments were 

performed at BL11-NCD beamline at Alba Synchrotron with the collaboration of Alba staff. 
Small angle neutron scattering (SANS) at PAXY spectrometer, Laboratoire Leon Brillouin 
(CEA-CNRS), CEA Saclay, France. Experiments were supported by projects APVV-17-
0250, VEGA 1/0223/20, JINR project 04-4-1142-2021/2025. 
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We present results of experimental and theoretical study of effect of external magnetic 
field on elastic properties of dense soft magnetic polymers filled with micron-sized 
magnetizable (permalloy) particles. The samples were cured without magnetic field, thus 
with isotropic internal morphology of the particles disposition. Experiments demonstrate 
that under quite moderate magnetic fields the shear elastic modulus of the studied 
composites increased more than two orders of magnitudes.  Decrease of the modulus with 
the valuer of the shear deformation is detected. These phenomena are explained by adhesive 
unification of the particles, at the stage of polymerization, into isotropic primary 
agglomerates.  

 

Fig.1. Image of the aggregates of the permalloy particles. 

Under applied magnetic field these agglomerates are magnetized and unite into linear 
chains, aligned along the field. The chain length is limited by the host polymer elastic 
resistance to the agglomerate’s displacement. Appearance of these chains significantly 
enforces  the composite rigidity. 

Some comparison of theoretical and experimental results are shown in Fig.2.  
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Figure2. Shear modulus vs. the applied magnetic field.. Volume concentration of the embedded 
particles is 30%. Modulus of the sample without the field is 10 kPa.  

This comparison demonstrates that the proposed model quantitatively explains the 
strong magnetorheological effects in the studied dense magnetic polymers. The model also 
describes the decreasing dependence of the modulus on the value of the shear deformation.  
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Due to the development of innovative construction technologies in recent years, 
adsorption energy has become increasingly in demand. Nanoscale particles based systems 
that allow direct conversion of moisture adsorption energy into electrical energy are very 
promising [1]. Unique samples of chemo converters were obtained, in which an internal 
field created by an electreted polymer substrate is used to collect charge carriers localizing 
in the volume of the functional layer [2]. The polymer substrate was electreted at electric 
field 1000V/mm during 1 our at temperature 210°C with further temperature reduction to 
25°C. After that, a ZrO2+3%molY2O3 (400°C) nanopowder dissolved in a PVA water 
solution (1:10) was deposited as to the carbon electrodes as functional layer. 
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Fig. 1. The dependence of the potential difference on the electrodes on the time after placing the sample 
in atmosphere with a relative humidity of 99%. 

The measurement of potential difference between the electrodes was made at humidity 
99% on the electric load of 1 MOhm (fig. 1). It was shown that moisture adsorption lead to 
the increasing of the potential differences up to the 69.4 mV with a subsequent decreasing 
to 0 during 40 minutes.  

The work performed by the cell (1,86 mkVt∙s) and its average specific electric power 
(9,11 mkVt/m2) were calculated. These results show the possibility of electric energy 
generation by this system that means that the similar nanoscale particles based systems may 
be used in innovative construction technologies for manufacturing of energy elements. 

The study was performed in the scope of the H2020/MSCA/RISE/SSHARE number 
871284 and the RO-JINR Projects within the framework of themes FLNP JINR: 04-4-1143-
2021/2025 and 03-4-1128-2017/2022.  
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pp. 1603-1609. 
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Hybrid magnetorheological suspensions (hMRSs) are obtained by absorption of well-
defined amounts of MRSs in tissues from natural and artificial polymer fibers  
[1, 2, 3]. Doping of natural or artificial polymer fibers with ferri-/ferromagnetic particles 
prevents their sedimentation and achieves ease of use in applications [4, 5]. 

We present the production of electrical devices (EDs), using hybrid 
magnetorheological suspensions (hMRSs) composed of silicone oil, carbonyl iron 
microparticles (20% and 40% vol. conc.) and cotton fabric. Two EDs devices are made of 
hMRSs, with the dimensions 30x30x2mm3. The equivalent electrical capacity and electrical 
resistance of the EDs as a function of time are measured for fixed values of magnetic flux 
density. It is shown that the measured values are significantly influenced by the magnetic 
field and are stable over time. The mechanisms involved in the observed effects are 
described in the dipole approximation model. Together with these mechanisms, the main 
technical characteristics of the obtained EDs were developed and determined, namely, the 
nominal values of the equivalent electrical capacitance and resistance and the relative 
deviations from these values, the magnetocapacitive and magnetoresistive effects of the 
EDs. The obtained results can open research directions for the realization of magnetic field 
sensors, sensors, and transducers of deformations and mechanical tensions, protection 
equipment against electromagnetic smog, etc.  

[1]  Bica I., Anitas E.M., Composites Part B: Engineering. 159, 13-19 (2019). 
[2]  Bica I, Anitas E.M., Materials & Design. 155, 317-324 (2018). 
[3]  Bica I., Anitas E.M., Lu Q., H.J. Choi H.J., Smart Mater. Struct. 27, 095021 (2018). 
[4] Bica I., Balasoiu M., Bunoiu M., Iordaconiu L., Rom. J. Phys. 61(5-6), 926-945 (2016). 
[5] Bica I., Bunoiu O.M., Int. J. Mol. Sci. 20(17), 4201 (2019). 
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Magnetoactive elastomers (MAEs) are smart materials whose mechanical properties 
can be controlled by the application of an external magnetic field. They can be utilized in 
various engineering applications such as adaptive engine mounts, vibration absorbers, soft 
actuators, etc. MAEs, which typically consist of micron-sized magnetically soft particles 
incorporated in a non-magnetic elastomer matrix, yield a coupled magneto-mechanical 
response at the macroscopic scale when they are subjected to mechanical loadings in the 
presence of an external magnetic field. Due to the magnetic field, the induced magnetic 
interactions and the corresponding particle rearrangements vary the mechanical properties 
significantly depending on the initial particle distribution. This results in a change in the 
macroscopic shape of the MAE. In our earlier work [1], we studied theoretically the 
magneto-induced deformation, shape effect and uniaxial loadings applied to isotropic 
spheroidal samples along and transverse to the field direction. In this study, we investigate 
the magneto-mechanical response of the MAE subjected to shear deformation. The MAE 
yields distinct magneto-mechanical response along and transverse to the field direction, as 
was already found for uniaxial loadings. The modeling results firmly confirm the 
transversely isotropic behavior of the MAEs with a random distribution of particles. For 
such MAEs we propose a transversely isotropic material model as a function of the applied 
magnetic field and the initial shape of an MAE sample, playing a significant role in the 
magneto-mechanical response. We thank DFG-Research Training Group 2430 for financial 
support. 

[1] S. Chougale, D. Romeis, M. Saphiannikova, Transverse isotropy in magnetoactive elastomers, J. 
Magn. Magn. Mater. 523 (2021) 167597. doi:10.1016/j.jmmm.2020.167597. 
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The development of adaptable novel materials is elementary to increase efficiency of 
machines and reduce weight of moving parts by function integration. Concerning this field 
of application magnetorheological (MR) materials are a promising material class allowing 
the adjustment of mechanical properties by an external magnetic field. Examples for such 
MR materials are MR elastomers based on elastomeric materials with magnetic fillers or 
MR fluids based on fluids like silicon oil mixed with magnetic fillers. A key issue for 
operating structures with such materials in praxis is the magnetic characterization. To 
estimate latter the rheological properties are determined at different magnetic flux densities 
and for different compositions. Though in praxis different field angles are apparent a field 
angle dependent investigation of materials properties is not common. Known investigations 
for MR elastomers are limited to 0° and 90° magnetic field angles [1]. 

Within this work different MR materials were investigated at different field angles as 
well as field strength using a special shear cell called Magnetic Field Angle Testing Device 
(MFATD) shown in Figure 1 and introduced in [2].  

 

Figure 1. Developed shear cell enabling a continuous variation of the field angle  

The testing device enables a continuous rotation of the magnetic field around the shear 
gap. To assure field homogeneity and a minimum field strength of B = 100 mT while 
allowing a continuous variation of field strength during testing the device uses two 
electromagnets. Finite element simulations were used to optimize pole shoe geometry.  

First measurements were performed for Lord MRF-140CG proving general 
functionality of the device and showing a significant influence of the magnetic field angle 
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on the shear properties. Further measurements were performed for an MR elastomer with 
BASF CC type carbonyl iron particles in a PDMS matrix. 

First experimental analysis on the field angle influence for MR elastomers and MR 
fluids are shown in Figure 2. As can be seen the qualitative course is clearly different for 
both material classes. 

  

Figure 2. Complex shear moduli for different field angles at an external magnetic field strength of 
about 120 kA/m. left: MR fluid, right: MR elastomer. 

Experimental results realized with the field angle device will presented and reasons 
for the different behaviors will be discussed at the conference. 

[1]  Bastola A, Pudel M, Li L,Li W 2020Smart Mater. Struct. 29, 123002. 
[2]  Dohmen E, Modler N, Gude M 2016J. Magn. Magn. Mater. 431, 107–109. 
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The Van de Graaff generator EG-5 is the single electrostatic accelerator at JINR. At 
the moment, it is capable of accelerate a beams of protons, helium ions and deuterons to 
energies of 2.1 MeV at a beam current of up to 100 μA. At the moment, preparations are 
underway for the modernization, after which the accelerator will reach its nominal 
parameters (4.1 MeV at a beam current of up to 200 μA). 

The most suitable objects for research are smooth multilayer films. Experimental 
studies of the depth profiles of elements with a depth resolution of about 10 nanometers are 
carried out on beams of helium ions. The non-destructive techniques RBS, ERD and PIXE 
are used, based on beams of helium ions with energies from 1 to 3 MeV. Research is 
underway on multilayer high-temperature superconducting systems [1]. In addition, work 
is actively underway to study the processes of ion implantation of the surface of solids, the 
processes of structural relaxation induced by them [2,3], accompanied by oxidation [4,5] or 
hydrogenation [6] of the surface layers. 

In terms of the development of analytical techniques, it is planned to install a 
microbeam spectrometer, which will make it possible to investigate not only the depth 
profiles of elements in the surface layer, but also to study the distribution of elements over 
the sample surface with a high (about 1 μm) resolution. It should be noted that in Russia 
there is only one operating microbeam spectrometer in Sarov. 
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The relatively high ion beam current (up to 100 μA) makes it possible to obtain fast 
monochromatic neutrons in the energy range up to 5 MeV (up to 20 MeV - after 
modernization) as a result of irradiation of a tritium target with deuterons (reaction D (d, n) 
3He). According to the Nuclear Data High Priority Request List [7], this energy range is 
highly demanded in modern nuclear physics research. In particular, studies of neutron-
induced reactions with the emission of charged particles provide valuable information on 
the mechanism of nuclear reactions and the structure of the atomic nucleus, the processes 
of stellar nucleosynthesis, etc. It should be noted that the corresponding tasks are difficult 
and expensive to solve with other types of neutron installations. 

At the moment, multilateral cooperation is planned with new research teams from the 
Russian Federation, countries of near and far abroad. 

The study was performed in the scope of the Poland-JINR and the RO-JINR Projects 
within the framework of themes FLNP JINR: 04-4-1140-2020/2022, 04-4-1143-2021/2025 
and 03-4-1128-2017/2022.  

[1] Л. Х. Антонова, Т. Е. Демихов, А. В. Троицкий, и др. „ Влияние протонного облучения на 
критические параметры композитных высокотемпературны сверхпроводящих лент” 
ПЕРСПЕКТИВНЫЕ МАТЕРИАЛЫ № 5 34-38 (2014) 

[2] M. Kulik, Z. Surowiec, W. Rzodkiewicz, end ell. „Effect of N+2 ion implantation and thermal 
annealing on near-surface layers of implanted GaAs”, Acta Physica Polonica A 128 (5),  918-922 
(2015) 

[3] M. Kulik, D. Kołodyńska, A.P. Kobzev, and ell. “Chemical composition of native oxides on noble 
gases implanted GaAs”,  Thin Solid Films 616, 55-63 (2016) 

[4] P. Horodek, J. Dryzek, A.G. Kobets and ell.“Slow Positron Beam Studies of the Stainless Steel 
Surface Exposed to Sandblasting” Acta Physica Polonica A, 125 (3) 714-717 (2014) 

[5] P. Horodek,  K. Siemek, A.G. Kobets and ell. “Positron beam and RBS studies of thermally grown 
oxide films on stainless steel grade 304”, Applied Surface Science, 333 96–103 (2015) 

[6] W. Rzodkiewicz, M. Kulik, A. Pans, A.P. Kobzev, Nuclear and Optical Analyses of MOS Devices, 
ACTA PHYSICA POLONICA A  Volume: 123 (5)  851-853 (2013) 

[7] Nuclear Data High Priority Request List: https://www.oecd-nea.org/dbdata/hprl/search.pl?vhp=on. 
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This paper shows the existence of a dielectric-conductor transition in a hydrated 
nanopowder system based on ZrO2-3mol%Y2O3.  

Wide-gap dielectric zirconium dioxide in the nanoscale state has a relatively high 
permittivity (ε = 25) and a high chemical activity of the surface. By changing the 
quantitative composition of the adsorption component, it is possible to control the energy 
exchange between the nanodisperse system and the external environment. The features of 
the transition of a hydrated nanopowder system from a non-conducting state to a state with 
a finite conductivity determined by the number of adsorbates are of interest for modern 
electronics and sensors. 

Experiments were carried out with a series of obtained functional laboratory models 
of nanopowder sensors in the form of polymer films filled with nanoscale YSZ crystallites.  
Films were obtained by applying a suspension of powders in a 4% PVA solution in water 
to dielectric substrates with silver electrodes. ZrO2-3mol%Y2O3 (YSZ) composition 
powders were obtained by the method of co-deposition followed by annealing at 
temperatures of 400о, 500o, 600о, 700о, 800о, 900о and 1000оС [1]. The distance between 
the electrodes is 2 mm. The dependences of the electrical resistance on the humidity were 
recorded at a voltage of up to 1000V on the sample. The humidity was controlled by salts 
in the range of 60-75%.  



CMSMS 2021 – Book of Abstracts 71 

 

Fig. 1. The dependence of the ohmic resistance of the sample on the voltage in the element circuit. 

The presence of percolation of electrical properties in the studied nanopowder systems 
with a particle size of 7.5 nm (annealing at 400°C) in an electric field up to 400 V/mm has 
been established, and it has an extreme non-monotonic character. It is also found that this 
feature is reduced with increasing particle size. The observed percolation jump in the 
electrical properties of sensors based on ZrO2 nanopowders obtained by annealing at higher 
temperatures is most likely a consequence of the island nature of the distribution of hydrate 
shells of nanoparticles larger than 12 nm [2]. This indicates the dimensional nature of the 
conductivity effect of the nanopowder systems under study.  

[1] Konstantinova T.E., Danilenko I.A., Glazunova V.A., J Nanopart Res. – 2011. –№ 13. – P. 4015– 
4023. DOI 10.1007/s11051-011-0329-8. 

[2] Gridina E.A., Doroshkevich A.S., et al., Advanced Physical Research Vol.1, No.2, 2019, pp.70-80. 
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Field-controllable floating of solid bodies (typical size varies in the range 
0.01 – 10 mm) in non-magnetic containers filled with magnetic fluids (MFs) can be used in 
useful technical and medical applications. This problem was studied since 1960s [1] when 
first MFs were synthesized. At that time almost all promising MF applications were pure 
technical [1, 2], thus the magnetic ponderomotive buoyancy force was studied for such 
special cases as levitating permanent magnets in sensors, magnetic fluid separators of non-
magnetic grain materials, etc. All these problems were studied in the framework of the so 
called non-inductive approach, which assumes that the demagnetizing fields h generated by 
the container with MF are negligibly small compared to the applied field of electro- and 
permanent magnets H0 ~ 105 – 106 A/m (MF is saturated, its magnetization M << H0 and its 
susceptibility χ(H0) ≈ 0). This approach simplifies ferrohydrodynamic problems, because 
the field inside MFs is assumed to be equal to H0 and only demagnetizing fields of the solid 
bodies are taken into account. Nevertheless, the non-inductive approach has known 
limitations [2] in small and moderate fields (H0 ~ 104 A/m) typical for biomedical 
applications. 

The present work contains a comprehensive (experimental, numerical and theoretical) 
analysis of the problem in the framework of the inductive approach (MF container 
demagnetizing fields are taken into account). All investigation approaches are based on the 
common test object: a solid (magnetic or non-magnetic) sphere immersed in a cylindrical 
container, magnetized by a homogeneous magnetic field. The analytical and numerical 
results were verified by experimental measurements. All methods showed the same non-
standard force behavior with two extrema for the case of non-magnetic bodies and a typical 
(monotonous) behavior of a magnetic body in MF (see Fig. 1). The numerical simulation 
was performed using Finite Element Method Magnetics (FEMM) [3]. The non-monotonic 
force (in case of a non-magnetic body) is explained by the competition between two 
mechanisms: the attraction of the non-magnetic body to the top and bottom of the narrow 
cylindrical container caused by the inhomogeneous demagnetizing factor of the narrow 
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container; and the repulsion of the non-magnetic body from the walls of the container 
caused by the interaction of the body’s magnetic moment with its own mirror image (it was 
shown in theoretical analysis). The results of numerical simulations are in quantitative 
agreement with the experimental data, and the analytical results are in qualitative agreement 
with the experimental data because of the non-linear magnetization law of real MFs used in 
experiments. 

 

Fig. 1 Magnetic ponderomotive force F acting on the non-magnetic (curves 1, 2) and magnetic (curves 
3, 4) spheres (with the radius of 3.8 mm and 4.7 mm respectively) immersed in a MF cylindrical 

container (radius 13.3 mm, height 23.6 mm). Vertical z-coordinate denotes the displacement of the 
sphere’s center from the container’s center. The total F(z) curve (from the bottom to the top of 

container) is symmetric with respect to the origin. Applied homogeneous vertical field H0 = 12.6 kA/m. 
Points 1, 3 – laboratory experiment; curves 2, 4 – numerical simulation in FEMM. 

The work was supported by the Russian Foundation for Basic Research (project No. 
20-31-70034). 

[1]  Rosensweig R.E., Ferrohydrodynamics (Cambridge University Press, Cambridge, 1985). 
[2]  Berkovsky B.M., Medvedev V.F., Krakov M.S., Magnetic Fluids (Oxford University Press, 1993). 
[3]  Meeker D., IEEE Trans. Magn. 49, 5243 (2013). 
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Progress in preparation of new types of magnetic fluids (MFs) based on magnetic 
nanoparticles (MNPs) have opened a wide range of their applications in biomedicine and 
technique. Electrical engineering development puts a greater demand on the cooling and 
insulating properties of liquid media, such as transformer oils. To enhance their 
performance, researchers develop various nanofluids based on transformer oils [1]. 
Nanofluids, formed by adding nanoscale particles to insulating oil, are stable and 
homogeneous suspensions that present advanced performance of electrical insulation and 
heat dissipation [2]. For such nanofluids, the adsorption of nanoparticles can be enhanced 
by applying non-homogeneous magnetic fields perpendicular to the interface [3]. Here we 
report self-assembling of superparamagnetic nanoparticles of classical ferrofluid under 
perpendicular homogeneous electric field. 

Magnetite MNPs with the mean size 9 nm were synthesized by chemical co-
precipitation method from aqueous solution of ferrous and ferric ions, then sterically 
stabilized by chemisorbing of a single oleic acid layer. Synthesis of MF was performed at 
IEP SAS in a well-proven way [4]. 

The neutron reflectometer GRAINS with a horizontal sample plane configuration 
installed at the pulsed IBR-2 reactor at JINR (Dubna, Russia) was employed to study the 
structure at the ferrofluid/solid interface under external electric fields which are close to the 
operating values commonly used in high voltage power engineering. The interface structure 
based on the obtained parameters of the adsorption layers was analyzed, which made it 
possible to estimate the distribution of magnetic nanoparticles in the layers. At the electrode 
surface in the absence of electric field we observed only wetting MNPs layer (about 16.3 
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nm) which was doubled and more concentrated with applying of electric field. Also it was 
found that application of electric field leads to formation of additional MNPs layer at the 
initial wetting layer with further reordering with increasing electric field more than 700 
kV/m (Fig. 1). The reason of such development is polarization of the particles and their 
interaction as dipoles. In the static electric field, the particles are polarized and due to the 
high dielectric contrast between the transformer oil and magnetite, the induced dipoles are 
strong enough to activate the attractive interaction. Moreover the effect of electric field is 
visible up to 3 hours after switching the field off.  

 

Fig. 1. Schematic drawing of NP-ordering determined from the results of neutron reflectometry: 
(a) wetting layer; (b) double layer on top of the wetting layer in an electric field 300-500 kV/m; 

(c) saturated double layer on top of the wetting layer in an electric field of 700 kV/m.  

The observed self-assembled layering could be used as additional barrier at the inner 
surface of transformer to increase dielectric breakdown voltage of working fluids layer and 
advance heat transfer. As the next step for using of such materials in electric power 
engineering investigation of temperature effect on MF in electric field is needed. 

[1]  Rajnak M., et al., Energies. 12, 4532 (2019). 
[2]  Huang Z., et al., IET Nanodielectrics. 2, 27–40 (2019). 
[3]  Nagornyi A., et al., Applied Surface Science. 473, 912 (2019). 
[4]  Bica D., Vékás L., Raşa M.,  Journal of Magnetism and Magnetic Materials. 252, 10 (2002). 
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Perfluorosulfonic acid (PFSA) membranes, being copolymers with different side chain 
length, play an important role working in hydrogen fuel cells (FC) in portable and stationary 
devices with various range of power. Recent researches have confirmed the advantages of 
short side chain (SSC) Aquivion®-type membranes over long side chain (LSC) Nafion®-
type membranes due to higher proton conductivity and better thermal stability of SSC 
membranes [1]. 

To further improve the conductive and mechanical properties of PFSA membranes we 
used detonation nanodiamonds (DND, particle size 4-5 nm) with positive surface potential 
(Z+) as nanofillers. Compositional membranes with DND content up to 3-5 wt.% were 
prepared by a procedure of casting the mixture of a copolymer solution with DND 
suspension in dimethylformamide (DMF), followed by a solvent evaporation [2]. 

Positive charge of DND surface made it possible to form complexes with -SO3
—groups 

at the end of side chains of copolymer, responsible for formation of hydrophilic conducting 
channels in polymer matrix. We have found that a moderate amount of DND (0.5 – 1 wt.%) 
in SSC-DND composite is reasonable to be used as membranes with increased conductivity 
at higher temperatures (Fig. 1). Nanodiamond particles, having hydrophilic surface, are able 
to form additional centers of proton adsorption, resulting in more effective proton transfer 
along the DND-polymer borders. The decrease of conductivity at higher contents of DND, 
as well as a drop of conductivity in LSC-DND composite (Fig. 2) may indicate the closing 
of thin conducting channels by DND particles. Small-angle neutron scattering (SANS) 
experiments performed at the YuMO instrument demonstrated the remaining of ionomer 
peak meaning that the basic structure elements – the conducting channels – do not undergo 
significant changes (Fig. 3). DND particles are mostly concentrated between the bundles of 
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conducting channels in the hydrophilic part of membranes. Thus, the optimal membranes’ 
composition was found, and SSC material demonstrated its promising abilities to serve as 
membranes in FC. 

 

Fig.1. Proton conductivity of SSC Aquivion®-
type membranes vs. DND Z+ content at 20 and 

50°C, measured in saturated with water 
condition. 

 

Fig.2. Proton conductivity of LSC Nafion®-type 
membranes vs. DND Z+ content at 20, 35 and 

50°C, measured in saturated with water 
condition. 

 

Fig.3. SANS on LSC Nafion®-type 
compositional membranes with DND Z+ in air-

dry condition. 

The work was supported by Russian Foundation for Basic Researches (gr. No 19-03-
00249).  
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Magnetic hyperthermia is a progressive method of treatment of tumor diseases. The 
idea of this method is the injection of a ferroparticles into the region with the diagnosed 
tumor. Then the particles and, therefore, the tumor cells, are heated by an ac magnetic field. 
Numerous investigations show that in the temperature range ~42◦C – 50◦C the tumor cells 
die, whereas the healthy cells, being more temperature resistive, survive. Obviously, to 
increase the medical efficiency of this method, the accurate prediction and the control of 
the local temperature within the treated tissue is required.  

Magnetic response of single-domain magnetic particles to an applied magnetic field is 
determined by two main physical mechanisms of the magnetic moment orientational 
relaxation. They are the Brownian rotation of particles with fixed magnetic moments and 
the superparamagnetic Neel rotation of the magnetic moments inside the particles due to 
thermal fluctuations. For ensembles of nanoparticles, suspended in some liquid carriers, 
known as ferrofluids, both mechanisms take place. But in the case, when particles are 
embedded in some polymer matrix or biological tissues, very often the particles lose their 
translational and orientational degrees of freedom. In this case, the superparamagnetic 
relaxation becomes the major mechanism determining the magnetic properties of the 
ensembles of such immobilized particles. In this work, we focus on the calculation of the 
specific loss power (SLP) of an ensemble of superparamagnetic particles with a fixed 
direction of the magnetization easy axes; and main attention is paid to the interparticle 
dipole-dipole interaction. 

The monodisperse ensemble of spherical, uniformly magnetized superparamagnetic 
ferroparticles immobilized in a nonmagnetic matrix is considered. All particles have 
uniaxial magnetic anisotropy and the particle easy magnetization axes are aligned in one 
direction (Figure 1). External ac field H is oriented with some given angle to the easy axes. 
The rotational motion of a magnetic moment is described by the probability distribution 
function which is the solution of the Fokker-Planck equation. Interactions are included 
within the framework of modified mean-field theory [1]. Analytical and numerical 
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prediction is given for probability distribution function which is used for calculation of 
dynamic susceptibility and SLP. The dependence of SLP on direction of the field, particle 
concentration, intensity of the dipolar interactions, height of the magnetic crystallographic 
anisotropy energy barrier for internal superparamagnetic rotation of magnetic moments 
inside the particles is discussed.  

(a)  (b)  

Figure 1. Sketche of the sample studied: (a) immobilized randomly distributed superparamagnetic 
particles with perfect alignment of the magnetic easy axes in some direction; (b) model of a 

superparamagnetic nanoparticle. The orientation of the particle is given by the body-fixed, magnetic 
easy axis vector n. The orientation of the particle magnetic moment m can be different from the easy-

axis vector due to superparamagnetic fluctuations. 

The study was funded by RFBR, project number 20-02-00358. 

[1] A. O. Ivanov, V. S. Zverev, S. S. Kantorovich, Soft Matter 12, 3507 (2016) 
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More than half a century has passed since the synthesis of magnetic fluids - colloidal 
solutions of finely dispersed magnets. Despite the fact that the theory of magnetic fluids 
was built long ago and reliably [1, 2], during all this time they have not lost their relevance 
as an object of research. Obviously, interest in the topic of liquid magnets can be maintained 
by introducing into the consideration of researchers some new types of particle materials, 
surfactants, carrier media, etc. For example, the use of linoleic acid as a stabilizer [3] 
significantly expands the operating temperature range of the magnetic fluid. Stabilization 
of particles with polypropylene glycol [4] makes it possible to obtain magnetic fluids based 
on a wide range of organic media. 

The recently published work [5], which describes the synthesis and properties of a 
magnetic fluid, in which magnetite particles were stabilized by poly(dimethylsiloxane) 
molecules (PDMS), is in the same theme. The use of PDMS as a stabilizer simultaneously 
kills not only two birds with one stone, expanding the range of operating temperatures and 
the variety of basic environments. (That is, it simultaneously solves the problems of works 
[3, 4]). It turns out that PDMS by stabilizing the particles also kills the third bird - the 
particles covered with a layer of poly(dimethylsiloxane) molecules do not need a carrier 
liquid and remain mobile without it. Thus, a new type of two-component magnetic fluids 
was obtained that remain operable in the absence of a basic medium. The separation of the 
excess of the PDMS stabilizer and magnetic particles with the PDMS coating in [5] was 
carried out using prolonged centrifugation. This method was chosen because of great doubts 
about the possibility of separating particles with PDMS shells from the excess PDMS 
stabilizer using coagulation [6]. However, as it turned out later, such a separation turns out 
to be possible. This work is devoted to the study of the coagulation stability of the PDMS 
of a stabilized magnetic fluid to the homologous series of saturated alcohols of normal 
structure and to their isomers. 

It was found that normal alcohols from propanol to hexanol can be used as coagulants. 
Their effectiveness decreases with increasing length of the hydrocarbon chain. 

mailto:lav@icmm.ru
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Isomerization of alcohol molecules reduces their coagulation properties up to full 
compatibility with PDMS stabilized particles. Higher alcohols of normal structure, starting 
with octanol, do not mix with PDMS stabilized magnetic fluid. However, isooctanol 
(2ethylhexanol, the most widely used octanol isomer) is miscible in any ratio. This property 
can be used to develop a technology for separating isomers of higher alcohols. 

[1] Shliomis M. I. Magnetic fluids. Sov. Phys. Usp., 1974, vol 17, pp. 153–169. 
[2] Rosensweig R.E. Ferrohydrodynamics, Cambridge, Cambridge University Press, 1985. 
[3] Lebedev A.V. Magnetic fluid stabilized with linoleic acid // Colloid Journal, 2013, Vol. 75, No. 4, 

pp. 386 – 390. 
[4] Lebedev A.V., Lysenko S.N. Magnetic fluids stabilized by polypropylene glycol // Journal 

Magnetism and Magnetic Materials, 2011, V. 323, pp. 1198 - 1202. 
[5] Lebedev A.V., Lysenko S.N., Gilev V.G. Poly(dimethylsiloxane)-stabilized magnetic fluid remains 

flowable in the absence of a carrier medium // Colloid Journal, 2020, Vol. 82, No. 3, pp. 288 – 294. 
[6] Pshenichnikov A.F., Lebedev A.V. Magnetite colloid with high magnetic susceptibility // Colloid 

Journal, 1995, V. 57, N. 6, pp. 800 - 804. 
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Magnetoactive elastomers – MAE – refer to composite materials that consist of 
polymer matrix and magnetic micro- or nanoparticles. Properties of MAE strongly depend 
on the type of particles and elastic modulus of polymer matric as well as particle distribution 
inside the matrix, namely, on the interaction between particles. Hysteresis loops of MAE 
usually show the process of magnetization of particles inside polymer matrix and the effect 
of particles spatial distribution. Meanwhile, method of FORC-analysis can provide not only 
consideration of magnetization process but information about local switching fields, 
coercivity distribution and local interaction fields [1]. 

We investigate the influence of ferroelectric (FE) particles, which were added together 
with ferromagnetic (FM) particles inside silicone matrix, on the magnetic properties of the 
samples. It was shown earlier that such elastomers with the mixture of FM and FE particles 
revealed multiferroic properties, namely, the change of magnetic properties under external 
electric field was found [2]. Now we would show the influence of FE particles and external 
electric field on the magnetization and switching properties of the composites. The 
influence of the composition of MAE were investigated experimentally on the following 
samples: 

- samples with the same concentration of iron particles and different Young’s modulus 
of polymer matrix; 

- samples with the same Young’s modulus and the same total concentration of iron or 
iron+PZT particles. 

FORC-diagrams of MAE with different composition were investigated experimentally 
via VSM.  The experimental SFD-curves of the sample with soft silicone and iron particles 
are presented at the Fig. 1a.  
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a)  b)  

Fig.1. a) SFD-curves of the MAE with iron (75 mass%) particles in the matrix with 1 kPa Young’s 
modulus, experimental results. b) FORC-diagram of the sample with FM particles with viscous-elastic 

and dipole-dipole interaction, simulation results. 

In the frame of the model of elastic coupling between various types of particles, 
simulation of the magnetization curves and FORC-diagrams of the composites was carried 
out. To calculate particle redistribution in the system molecular dynamic approach was 
used. Verlet integration was used to calculate position of particles, dipole-dipole interaction 
between one type of particles and viscoelastic interaction (Kelvin model) between all types 
of particles were taken into account. In the model bulk system consists of up to 105 particles, 
moreover, the FM, FE and polymer particles were used in the sample. To avoid the problem 
of unsaturation of intermediate FORC-curves, the saturation state of the system was fixed. 
The system was smoothly brought to the new value of the return field. At that point the 
number of iterations was increased for additional relaxation of the system. For simulation 
of the presented model and visualization of the system tool was designed using C++ and 
Python programming languages. FORC-diagram of the sample with interacted FM particles 
is presented at the Fig. 1b. 

In this work the theoretical and experimental FORC approaches for MAE based on 
different compositions were compared and analyzed. 

The reported study was funded by the President of the Russian Federation Grant 
Number МК-716.2020.2 and Russian Science Foundation, Project No. 21-72-30032. 
Authors acknowledge the Russian Academic Excellence Project at the Immanuel Kant 
Baltic Federal University. 

[1] Linke J.M., Borin D.Yu., Odenbach S., RSC Advances. 6, 100407-100416 (2016). 
[2] Makarova L.A. et al., JMMM. 470, 89-92 (2019). 
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Ferrogels (FG) are soft magnetoactive materials, which designation comes from their 
composition of hydrogel matrix, filled by ferri/ferromagnetic nanoparticles. Ability to 
sufficient magneto-induced reorganization of internal structure and corresponding changes 
of topology and mechanical properties of FG samples encourages an elaboration of various 
applications of these materials. Especially in bio-medical tasks, such as design of 
micromachines (valves, pumps etc) or controlled drug delivery and release [1].    

Theoretical and numerical research of FG is of importance for a developing of the 
materials and their applications due to complexity of direct experimental observation of FG 
structure on a microscale. The present work is dedicated to modelling of an equilibrium 
state of a small FG sample includes up to several hundreds of magnetic particles. We 
investigate an influence of external magnetic field and particle characteristics on material 
internal structure. Our model is based on coarse-grained molecular dynamics approach, 
which allows to choose level of abstraction optimal for a examined problem [2].  

We consider FG sample with matrix possesses quasi-regular structure of network. 
Polymer macromolecules are simulated as a spring-bead ideal chains. Monodisperse 
magnetic particles have single-domain structure and uniaxial magnetic anisotropy with 
given energy barrier. They are placed in nodes of polymer lattice. 

There is compared a behavior of FG samples with two variants of network topology: 
simple cubic, where each node connects 6 polymer chains, and diamond-like with 4 ‘cross-
links’ per node. We examine sample magnetization, attendant forming/evolution of 
magnetic aggregates and changes of sample volume. Modelling shows, that material with 
diamond-like polymer lattice is softer and therefor demonstrates more prominent impact of 
magnetic forces on sample structure and topology. Moreover particle magnetic anisotropy 
‘switches’ character of filed induced volume change from shrinking to swelling in samples 
with this variant of matrix, meanwhile for FG with simple cubic lattice only volume 
decrease is observed. 
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Calculations where performed using ESPResSo software [3] on the cluster ‘Triton’ 
(ICMM, Perm, Russia).  

[1]  Datta P., in Polymeric Gels, edited by K.Pal and I. Banerjee. (Springer, Berlin / Heidelberg, 2018), 
pp.442-465. 

[2]  Fitzgerald G., et al., in Modeling, Characterization and Production of Nanomaterials, edited by 
V.K.Tewary and Y. Zhang. (Woodhead Publishing, Cambridge, 2015), pp. 3-53. 

[3]  Arnold A., et al., in Meshfree Methods for Partial Differential Equations VI, edited by M. Griebel 
and M.A.Schweitzer. (Springer, Berlin / Heidelberg, 2013), pp. 1-23. 
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Construction of smart materials with sophisticated magnetic response by incorporating 
magnetic nanoparticles (MNPs) within permanently cross-linked structures, opens up the 
possibility for synthesis of more complex, highly magneto-responsive systems.[1] 
Nanoscopic magnetic filaments (MFs) are magnetic, nano-sized colloids, crosslinked into 
polymer-like linear chains. They are a promising platform for engineering new 
magnetically controlled filtering and flow control elements in micro-fluidic devices. Recent 
advances, advocating an assembly mechanism where the structure building instructions are 
embedded into nanoparticles via DNA origami frames, finally opened the door towards 
synthesis of MFs with desirable mechanical properties.[2,3,4] Using programable DNA 
origami assembly, we created scaffolds that can serve as blueprints for chain-like assembly 
of MNPs (i.e. 20nm, streptavidin coated magnetite NPs), allowing them to assemble in to 
structures possible only for anisotropic and selective interactions. Using MD simulations 
we have studied how possible crosslinking scenarios and magnetic nature of monomers 
(ferromagnetic or super-paramagnetic) influence equilibrium properties of MFs.[5] 
Filaments with super-paramagnetic monomers have proven to maintain a desirable 
magnetic response in various crosslinking approaches, making them a more flexible choice. 
In strong applied fields, MFs with super-paramagnetic MNPs have similar magnetic 
properties to ferromagnetic ones, while exhibiting higher susceptibility in low fields. 
Furthermore, they exhibit an interesting tendency to bend their backbone locally, rather than 
to fully stretch along the field. In this contribution, we elucidate an interesting 
phenomenology of MFs, by examining their behaviour in a Langevin thermostat 
(equilibrium properties) and explicit solvent representations using the Lattice Boltzmann 
method (dynamics in rotating magnetic fields). Magnetization of super-paramagnetic 
monomers is taken into account in an accurate manner, inclusive of non-linear 
contributions.  

[1]  Sánchez, P. A., et al. Macromolecules 48.20 (2015): 7658-7669. 
[2]  Liu, W., et al. Nature chemistry 8.9 (2016): 867. 
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[3]  Tian, Y., et al. Nature mate- rials 15.6 (2016): 654. 
[4]  Lin Z., et al. J Am Chem Soc 142 (41), 17531-17542 (2020) 
[5]  Mostarac, D., et al. Nanoscale (2020). 
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The main problem in the treatment of stroke is associated with the fact that 
thrombolytic drugs diffuse very slowly in thrombosed vessels. The American company 
Pulse Therapeutics has found a solution to this problem, in which magnetic micro- or nano-
sized particles are set in rotational motion using an alternating magnetic field, capable of 
generating circulation flows in thrombosed vessels [1]. These currents greatly enhance the 
convective transport of the drug to the blood clots in the vessels. There is still no physical 
understanding of the origin of oscillatory flows, which are created by moving and rotating 
magnetic particles. In this work, a theoretical model is proposed that takes into account the 
motion of ferroparticles and induced fluid flows inside the channel under the influence of 
alternating inhomogeneous magnetic fields. The obtained amplitudes of the fluid velocity 
are compared with the values required for efficient drug delivery to blood clots in real 
situations.  

 

Figure 1 - The longitudinal component of the velocity vx with respect to the z coordinate at a fixed x = 
10 mm. Dotted line: time t = 0.5 s; solid: t = 1 s. The angular frequency of the field is ω ~ 10 rad/s; 

volume concentration of particles in the center of the cloud Φ0 = 0.01; gap thickness l = 1 mm. 

The results obtained show that a rotating magnetic field with an amplitude of about 17 
kA / m and a frequency of about 10 rad/s in a channel 1 mm wide can induce a circulation 
flow with a velocity amplitude of about 0.5 mm / s (see Fig. 1), which may be of interest 
from the point of view of targeted drug delivery in blood vessels. 

The work was carried out with the financial support of the Russian Foundation for 
Basic Research, projects 18-08-00178, 19-31-90003, 19-52-45001, 20-02-00022. 

[1] Creighton, Francis M. 2012."Magnetic-based systems for treating occluded vessels." U.S. Patent No. 
8,308,628. 13 Nov. 
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Nanogels (NGs) with multifunctional magnetic nanoparticles (MNPs) have shown the 
ability to selectively destroy cancer cells in vivo without causing visible damage to healthy 
organs [1]. The inclusion of MNPs within NGs also provides an additional method for 
controlling their properties by means of an applied magnetic field.  

Our analysis of the suspension of NGs loaded with MNPs in zero-field case showed 
that the structural properties of a single gel and self-assembly in the given system are highly 
affected by the strength of the dipole-dipole interaction (dipolar coupling parameter) 
between the MNPs [2].  

Here we study a suspension of magnetic NGs in a constant external magnetic field in 
silico using the molecular dynamics method [3]. Each NG is initially modeled as a system 
of bead-spring polymer chains randomly cross-linked into a polymer network. Locations of 
MNPs inside the gels are random as well. 

We find that even small fields contribute to substantial changes in the arrangement of 
both embedded MNPs and NGs as a whole. But what is much more curious is that the 
polymer matrix of nanogels strengthens the magnetisation of free MNPs.  

[1]  Qing Wu et al., Nat. Commun., 10 (240), 2019. 
[2]  Novikau et al., JMMM, 498, 2020. 
[3]  Novikau et al., J. Mol. Liq., 307, 2020. 
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Influence of energy and mass of the implanted ion on the mixing process of TiO2/SiO2 

interfaces were investigated using RBS method. The specimens were irradiated with the 
noble gas ions Ne+, Ar+, Kr+, Xe+ at different energies of 100, 150, 200, 250 keV. The 
irradiation was carried out at the room temperature with the fixed value of the ion fluence 

at 163 10×  [ions/cm2]. The RBS method was used for determining the elemental depth 
profiles of the samples. The 1.5-MeV He+ ion beam was directed to the samples under the 

incident angle 060  towards the normal of the sample surface. The RBS spectra were 
collected at a scattering angle of 1700 away from the beam incident direction. The primary 
parameters that were measured by the experimental technique are used to characterize the 
mixing process. Shifting of the Ti, Si energy edges from RBS spectra indicated to the 
mixing of the atoms across the interface of TiO2/SiO2 systems that lead to forming of the 
transition area between the layers. Mixing amount was quantified by changing thickness of 
transition layers well as the TiO2 layers which was correspond to variation FWHM of the 
Ti peaks.  We have found that the relative thickness of transition layers increases linearly 
with increasing of energy, contribution of decreasing FWHM to mixing is not significant. 
The displacement of the Ti atoms across the interface is predominant contributing to the 
broadening of the mixed layers towards the substrate more than that in the opposite 
direction. The influence of ion mass on changes in the thickness of the transition layers, 
however, is not described by a linear relation. Mixing rate strongly depends on the heavy 
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ions, it is about 2.8 and 7.6 times larger for Kr and Xe than that of Ne. The Monte Carlo 
simulation was performed using SRIM code for understanding as well as for explanation of 
these effects based on the depth-dependent damages and the defect concentration profiles. 

 

The study was performed in the scope of the Poland- JINR and RO-JINR Projects 
within the framework of themes FLNP JINR 03-4-1128-2017/2022.  
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Morphology and adsorption properties of mesoporous silica functionalized with 
APTES by the co-condensation and the post grafting methods were evaluated. Nitrogen 
sorption, small angle neutron and X-ray scattering (SANS and SAXS) demonstrated high 
surface area and well-ordered hexagonal pore structure suitable for applications as 
adsorbents of metals from waste waters. SAXS and SANS data show that the increase of 
the amount of organic silica precursor in the co-condensation process leads to the decrease 
of the long-range order of the parallel channels. The co-condensation of tetraethoxysilane 
(TEOS) and 3-aminopropyl triethoxysilane (APTES) resulted in higher metal sorption 
capacity of the materials compared to post-synthesis grafting of aminopropyl groups onto 
the mesoporous silica particles. From the performed studies it was found that adsorption 
capacity of Cr(VI) was almost ten times higher for the material prepared by co-condensation 
compared to the one prepared by post-grafting (qexp = 85.5mg/g vs. qexp = 9.4mg/g). 

[1] Putz A.M., Ciopec M., Negrea A., Grad O., Ianăşi C., Ivankov O.I., Milanovic M., Stijepovic I., 
Almásy L. (2021) Comparison of Structure and Adsorption Properties of Mesoporous Silica 
Functionalized with aminopropyl groups by the Co-Condensation and the Post Grafting Methods, 
Materials, 14, 628 

[2] Putz A.M., Almásy L., Len A., Ianăşi C. (2019) Functionalized silica materials synthesized via co- 
condensation and post-grafting methods, Fuller. Nanotub. Carbon Nanostructures, 27, 323-332. 
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In recent decades, advances in synthesis techniques have opened up a new subfield in 
the study of magnetic soft matter: the study of anisotropic and anisometric magnetic 
colloidal suspensions. The persistent interest in investigating and refining anisotropic 
colloidal systems comes from the knowledge that colloidal anisometry can be used as an 
effective control parameter to tune both self-assembly scenarios and thermodynamic, 
rheological and phase behavior of dipolar (magnetic) soft matter[1]. For instance, a 
suspension of discotic mesogens with a dipole moment perpendicular to the long axis of the 
particle can form a macroscopic ferromagnetic nematic phase at room temperature[2]. 
While the phase behavior of hard platelets is already well-known, the influence of the added 
dipole moments on the isotropic to nematic phase transition is not yet fully understood. This 
contribution will focus on the computational work to characterise the phase behavior of 
such systems, recreating them through Molecular Dynamics simulations in different 
approximations (raspberry and Gay-Berne), then studying the influence of parameters such 
as the dipole moment or aspect ratio on the phase transition, as well as analysing the 
structural properties of the system in different phases.  

[1]  P. Tierno, Phys. Chem. Chem. Phys., 16, 23515-23528 (2014). 
[2] A. Mertelj, D. Lisjak et al, Nature, 504, 237–241 (2013). 
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Magnetic microgels are hybrid soft hydrogel entities (up to several hundred 
nanometers), within which embedded iron oxide magnetic nanoparticles (MNPs) [1,2] are 
distributed. The cross-linked mesh structure of the hydrogel provides a sponge container 
capable of transporting liquid substances (e.g., dissolved drugs) whereas the MNP 
subsystem makes a magnetosensitive ‘drive’ that enables one to move the microgel 
remotely and controllably and, if necessary, release its cargo as the destination is attained. 

The applicationally relevant functional features of microgels come out as a result of 
the interplay between elastic properties and topology of the supramolecular polymeric 
structure, magnetic specifics of the MNPs, and the manner in which the magnetosensitive 
elements are distributed over the gel volume. The theory and numeric modelling of the 
microferrogels are yet at their beginning and this is one of the most challenging points of 
the magnetic soft matter science. In this work we present a flexible and tunable computer 
tool developed for simulating a single microgel entity with the aid of a well-tested approach 
– coarse-grained molecular dynamics [3,4] implemented in the framework of ESPResSo 
platform [5]. 

As a starting point of the model, the microgel is configured as a dense clot of beads 
(coarse grains) of identical size. Two types of the beads are introduced: they are either 
MNPs or polymeric globules. By connecting the beads by elastic bonds (springs) a wide 
variety of structures might be arranged in accordance with a beforehand-chosen plan; for 
example, the number of nearest neighbors and the number and rigidity of the bonds between 
them are easily customized. The magnetic properties of MNPs are defined by the direction 
and magnitude of their dipolar moments. The assembled bead-spring construction with a 
given size and pre-determined volume fractions of both components is placed in a 
thermostat under constant temperature conditions under zero magnetic field. The coarse-
grained calculation process is started, and the system is subjected to it until it equilibrates. 
Repeating the procedure several times, one obtains a number of replicas of the same sample. 
The ground state (zero external field) of a microgel is analyzed for different degrees of 
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crosslinking and initial types of spatial distribution of MNPs (see Figure 1): 1) randomly 
filled microgel, 2) “magnetic core – polymeric shell” microgel and 3) “polymeric core – 
magnetic shell” microgel. 

   

a) b) c) 

Figure 1. Initial MNPs distributions in microgel sample: 
а) randomly filled, b) magnetic core – polymeric shell, c) polymeric core – magnetic shell. 

[1]  Turcu R. et al. Soft Matter. Royal Society of Chemistry. 11 (5), 1008–1018 (2015). 
[2]  Backes S. et al. J. Phys. Chem. B. 119 (36), 12129–12137 (2015). 
[3]  Novikau I.S. et al. J. Magn. Magn. Mater. 498, 166152 (2020). 
[4]  Minina E.S. et al. J. Mol. Liq. 289, 111066 (2019). 
[5]  Weik F. et al. Eur. Phys. J. Spec. Top. 227 (14), 1789–1816 (2019). 
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The design of magnetic soft materials has steadily progressed: it is now possible to 
embed magnetic particles into polymer matrices. Improving the synthesis technology and 
developing methods for using magnetoresponsive elastomers and ferrogels requires solving 
fundamental problems related to predicting the behavior of ensembles of magnetic particles 
in a polymer matrix. A different distribution of magnetic nanoparticles inside the sample 
leads to a significant change in its bulk properties [1,2]. 

To study the effect of dipole-dipole interparticle interactions on the static 
thermodynamic and magnetic properties of an ensemble of immobilized superparamagnetic 
particles, two types of the particles' distributions at the sample volume were considered: (i) 
on the nodes of the regular cubic lattice and (ii) by the random way. The response of the 
particles to the external magnetic field occurs by the Neel mechanism due to their magnetic 
moment rotation inside the nanoparticle [3]. It was assumed that the directions of the easy 
axes for all particles were parallel to each other and directed at an angle to the external 
magnetic field H: it was described using the polar and azimuthal angles φ and θ, 
respectively. The model of polymer is illustrated on the Figure 1.  

 
(a) (b) 

Figure 1. Monodisperse system of immobilized single-domain superparamagnetic dipoles at external 
magnetic field H. Container has the cylinder form strongly elongated along H. Particles’ distribution at 

the volume can be (a) at the nodes of a simple cubic lattice or (b) by the random way. 
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The described model was studied using both theory and computer simulation, taking 
microscopic discrete structure explicitly into account. Theoretical approach is based on the 
expanding of the Helmholtz free energy into a classical virial series up to the second virial 
coefficient. In addition to the pair interparticle dipole-dipole interactions, there was taking 
into account the interactions of magnetic moments with the easy axes and the external 
magnetic field. It was found that in a zero magnetic field the contribution of the dipole-
dipole interparticle interaction to the Helmholtz free energy ∆F for the first system (Figure 
1 a) depends on the polar angle φ, while for a random distribution of ferroparticles in the 
volume (Figure 1 b) there is no such dependence.  

The analytical expressions of the Helmholtz free energy for both textures allow to 
obtain theoretical predictions for the static magnetization and the isochoric heat capacity as 
functions of the height of the magnetic crystallographic anisotropy energy barrier for the 
internal superparamagnetic rotation of magnetic moments inside the nanoparticles, 
measured by parameter σ, and the intensity of the dipole-dipole interparticle interactions 
measured by λ. These characteristics turned out in a good agreement with the Monte-Carlo 
simulation data in the region of low and moderate values of σ and λ. In zero and moderate 
external magnetic field, the new theory allows to describe the numerical calculations much 
more efficient than the ideal approximations [3], for which the interparticle dipole-dipole 
interactions where neglected.  

The obtained results for the thermodynamic and magnetic properties of the 
immobilized superparamagnetic nanoparticles can be important in the development of 
functional magnetic materials with controlled properties. 

 
The study was funded by RFBR, project number 20-02-00358. 

[1] Elfimova E., Ivanov A., Camp P., Nanoscale. 11, 21834–21846 (2019).  
[2] Zakinyan A., Arefyev I., Colloid and Polymer Science. 298, 1063–1076 (2020). 
[3] Raikher Y., Shliomis M., Journal of Experimental and Theoretical Physics. 40, 526–532 (1974). 
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Small-angle neutron scattering (SANS) is widely used in structural diagnostics of 
magnetic fluids [1,2]. Carrying out hydrogen/deuterium isotopic substitution in liquid 
media of magnetic fluids makes it possible to adjust the neutron scattering length density 
of the solvents, ρsolv. This is the basis of the SANS contrast variation technique [3]. 

There are specific points at which the neutron scattering intensity of liquid nanosystem 
is independent of the scattering length density contrast between dispersed particles and 
solvent. These points, q*, are referred to as ‘isoscattering points’ [4]. q* is inversely 
proportional to the particle size. Usually, the nature of the isoscattering point is associated 
with the high symmetry of the nanoparticle shape and low polydispersity. However, it has 
been observed in the SANS data of various magnetic fluids [5-7], despite the fact that they 
are characterized by a polydispersity of 25-40%. An example of such SANS contrast 
variation experiment on an aqueous magnetic fluid is shown in Figure 1. 

To explain this phenomenon, it seems promising to use the method of basic functions 
[3], namely the expansion of the scattering intensity in a series in contrast, (ρpart – ρsolv), 
where the basic functions Is(q), Ics(q) and Ic(q) are the coefficients. Within the framework 
of this formalism, the condition for a isoscattering point is relation Is(q*) >> Ics(q*), Ic(q*). 

This communication discusses the conditions for observing an isoscattering point for 
polydisperse core-shell structures as a model of magnetic fluids with steric stabilization, as 
well as additional possibilities of structural characterization via SANS based on this effect. 
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Figure 1. Changes in experimental SANS curves with contrast variation for Fe3O4–2·DBSA–H2O 
magnetic fluid. Curves are plotted with the same color and point style as the corresponding points in 

inset, where the change in the forward scattering intensities with varying solvent SLD is shown. 
Arrows indicate isoscattering point (IP) as well as effective match point (MP) corresponding to the 

minimum of quadratic dependency (solid line). 

[1] Bica D. et al., Journal of Magnetism and Magnetic Materials. 311(1), 17-21 (2007). 
[2] Avdeev M.V., Aksenov V.L., Physics-Uspekhi. 53(10), 971-993 (2010). 
[3] Avdeev M.V., Journal of Applied Crystallography. 40(1), 56-70 (2007). 
[4] Kawaguchi T., Crystallography Reviews. 10(3), 233-246 (2004). 
[5] Tomchuk O.V. et al., Colloids and Surfaces A. 613, 126090 (2021). 
[6] Nagornyi A.V. et al., Physics of the Solid State. 56(1), 91-96 (2014). 
[7] Nagornyi A.V. et al., Ukrainian Journal of Physics. 58(12), 1143-1148 (2013). 
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Soft magnetic materials are of great interest due to their property to switch magnetic 
polarization under the influence of small magnetic field. The process of switching has been 
found an application in different scientific and industrial areas. There are transformers, 
sensors and protection from electromagnetic interference.  

It’s well known that the most materials with these properties are alloys with different 
chemical compounds. Because of increased demand for polymer materials it’s necessary to 
develop special fillers for getting soft magnetic properties.  

In our work the modified carbon fiber (CF) with magnetite particles was considered 
as the filler for soft magnetic composites. This choice was connected with small specific 
weight and good physical mechanical properties of CF.  

Modification of CF was carried out in magnetic fluid using ultrasonic treatment on a 
Sonopuls HD 3200 (Bandelin, Germany) for 1 hour. Then the filler was washed by distilled 
water and dried at 100 °С for 24 hours. The modification was performed 3 times. 

An analysis of the surface structure of the modified fibers was carried out using a FEI 
Quanta 650FEG scanning electron microscope (FEI, USA) (Fig.1). 

 

Fig. 1. SEM-image of modified CF by magnetite particles 
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The TGA method was used to make a preliminary estimate of the amount of deposited 
magnetite on the surface of carbon fibers, which was 17, 23 and 34 % for stages 1, 2 and 3, 
respectively. 

By the Raman spectroscopy (SENTERRA (Bruker, Germany)) it was found that the 
coating on the CF is magnetite. For all Raman spectra, a peak 664 cm-1 corresponding to 
magnetite is usually observed and represents a symmetrical section of oxygen atoms along 
Fe-O bonds corresponding to the A1g mode. The peaks at 369 and 504 cm-1 correspond to 
the peaks of partial oxidation of magnetite to maghemite (γ-Fe2O3). Two characteristic 
bands of D (defects) at 1343–1356 cm-1 and G (graphite) at 1586– 1594 cm-1 are usually 
observed and connected with degree of graphitization of CF. 

To study the magnetic properties, model samples of polymer materials based on ED-
20 epoxy resin were made. The filling was 1, 3 ,6%wt. 

The magnetic hysteresis curves m(H) for Jc calculation at different temperatures as 10 
and 28 K were determined with a commercial Vibrating Sample Magnetometer, VSM-9T 
(Cryogenic). It is observed that all the hysteresis loops are very narrow with small coercive 
magnetic fields. 

The reported study was funded by RFBR and Perm Territory as part of a scientific 
project no. 19-43- 590024 p_a. The work was carried out using the equipment of The Core 
Facilities Center «Research of materials and matter» at the PFRC UB RAS. 
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We studied the microstructure changes occurring in a commercial polyester 
polyurethane, compression molded Estane 5703 films exposed to accelerated aging 
treatment with elevated temperature and humidity, and irradiation by high energy gamma 
rays with a dose up to 500 kGy. The structure has been studied by small-angle X-ray and 
neutron scattering (SAXS and SANS),  Fourier transform infrared spectroscopy (FTIR), gel 
permeation chromatography (GPC), differential scanning calorimetry (DSC) and X-ray 
diffraction (XRD). 

 
 

Figure 1. Structural changes with temperature: mesophase mixing upon temperature increase, and 
phase separation on cooling. SAXS data. 

During heating, above 40 °C, the scattering show the mixing of hard domains (MDI-
BDO) with soft matrix (PBA), with a sharp increase of the hard domain distance at 50–
60 °C. Between 60 and 90 °C, a newly-observed ordering appeared as the formation of a 
distinct mesophase with a repeat distance of 5.15 nm. After cooling, the domain structure 
partly recovered, but did not reach the original state after 3 month storage.  

In the accelerated aging experiments, GPC data showed a progressive shortening of 
polyurethane chains with aging in humid conditions, and FTIR showed an increase of the 
number of inter-urethane H-bonds.  
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The small-angle scattering shows that the interdomain distance and domain size 
increase with a higher humidity and longer aging time. Conversely, in the irradiated films, 
the hard domain size decrease: FTIR shows that the cross-linking occurred among the 
secondary alkyl radicals, and the interactions in the hard domains weakened because of the 
loss of inter-urethane H-bonds. GPS data also indicate the formation of a fraction of 
interconnected polymer chains.  

In summary, the accumulated data reveal that the reduced steric hindrance caused by 
hydrolysis of ester links in polybutylene adipate residues promotes the organization of hard 
segments into domains, leading to the increase of domain size and distance, as well as phase 
segregation. The samples irradiated in water exhibited a stronger aging effect than those 
irradiated in air.  

These findings provide insight into the effects of various treatment conditions on the 
microstructure of aged polyester urethane from the molecular to nanoscale level.  

 

Figure 2. Chain scission and domain reorganization during accelerated aging in humid conditions. 

[1] Tian Q., et al. Microstructure Changes in Polyester Polyurethane upon Thermal and Humid Aging, 
Polymers. 8, 197 (2016). 

[2] Tian Q., et al., Study on the Microstructure of Polyester Polyurethane Irradiated in Air and Water. 
Polymers. 7, 1755 (2015). 

[3] Lin C., Tian Q., et al., Composites Science and Technology. 146, 10 (2017). 
[4] Tian Q., et al., Polymer. 147, 1-7 (2018). 
[5] Chen K., et al., Polymer Degradation and Stability. 187, 109539 (2021). 
[6] Wacha A., et al. Journal of Applied Crystallography. 47, 1749-1754  (2014). 
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Magnetic nanoparticles already proved their applicability in different areas. 
Embedding a large number of magnetic nanoparticles into a liquid or polymer matrix makes 
it possible to control the properties of a composite material using an external magnetic field. 
Such materials, so-called magnetic soft matters, include ferrofluids, magnetic elastomers, 
ferrogels, and various biocompatible magnetic filling. In the last decade, a new wave of 
interest to magnetic soft matter appears due to their connection with using such material in 
diagnostics and therapy. 

In this work the dynamic magnetic response of immobilized superparamagnetic 
nanoparticles to an ac field with an arbitrary amplitude is studied using numerical 
simulations. The nanoparticles are considered to be distributed randomly within an implicit 
solid matrix, but the easy axes of the particles are aligned parallel or perpendicular to the 
ac magnetic field. Modeling of dynamic response is based on the Fokker-Planck-Brown 
equation in which the interparticle dipole-dipole interactions are included within the 
framework of the modified mean-field theory [1]. The numerical solution of Fokker-
Planck-Brown equation is based on an unconditionally stable scheme for convection-
diffusion problems [2]. The effects of the magnetic crystallographic anisotropy barrier, the 
ac field amplitude, and the interparticle interactions on the dynamic magnetization, 
susceptibility, and relaxation time are analyzed. The numerical results are compared against 
a theory [3] reliable in a weak ac field, and the excellent agreement is obtained. 

The study was funded by RFBR, project number 20-32-90209. 

[1]  Ivanov A.O., Zverev V.S., Kantorovich S.S., Soft Matter, 12(15), 3507-3513 (2016).  
[2] Afanasyeva N.M., Vabishchevich P.N., Vasilyeva M.V., Russian Mathematics, 57, 1 (2013) 
[3] Ambarov A.V., Zverev V.S., Elfimova E.A., Journal of Magnetism and Magnetic Materials, 497, 

166010 (2020). 
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Studies of samples of ferrofluid CoFe2O4 / LA / SDS-Na / H2O with different 
concentrations were carried out using the method of small-angle neutron scattering (SANS). 
The ferrofluid was prepared at the Institute of Technical Chemistry, Perm [1, 2], with 
CoFe2O4 nanoparticles obtained by co-precipitation of Fe(OH)3 and Co(OH)2 and stabilized 
by adsorption of lauric acid (LA) on ferrite particles, followed by peptization of the 
hydrophobic precipitate in an aqueous solution of sodium n-dodecyl sulfate (SDS). 

The experimental data were processed using the SASView program. For the best fit in 

the Q region, , was chosen the following functional form [3]: 
 

 (3) 

 
The first branch in the definition (3) represents the generalized Guinier law, where s is a 
nondimensional parameter that characterizes the shape of the scattering objects (for sphere,   
for rods,  for plates), and  are used as scale constant and 

 

.  (4) 

 
The second branch describes a power law dependence characteristic to the self-affine 

structure in the form of mass fractals or of surface fractals. In the case of mass fractal, the 

0.006 0.07Q≤ ≤
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fractal dimension varies between 2 and 3 and is equivalent to the Porod exponent. For the 
surface fractals the fractal dimension is higher than 3 [4, 5]. 

The analysis of the SANS curves and the modelling of concentration effects on the 
CoFe2O4 / LA / SDS-Na / H2O ferrofluid system are carried out. The structural effect of 
temperature change from t = 22 ° C to t = 43 ° C and return to 22 ° C is also analysed. 

When modelling the experimental curves, the approximation of a spherical particle is 
considered. The radii of gyration are determined for each situation. The radius of gyration 
values increases with decreasing particle concentration, while the Porod exponents change 
in the opposite way. It increases with increasing concentration of particles in a particular 
non-linear dependence. An increase in the Porod exponents was noted with the increase in 
the concentration of particles for each temperature. 

Higher values for radii of gyration as well as for the Porod exponents, for the high 
temperature, can be explained as a consequence of the aggregation of some of the particles 
as an effect of the dilution. In each case, the Porod coefficient gives a measure of the fractal 
properties characteristic for specific particle agglomeration behaviour [6]. 

[1] Lysenko S.N., Lebedev A.V., Astaf’eva A.S. et al., Physica Scripta. 95, 044007 (12pp) (2020). 
[2] Balasoiu M., Ivankov O.I., Soloviov D.V. et al., J. Optoelectron. Adv. Mater. 17(7-8), 1114–1121 

(2015). 
[3] Hammouda B., Journal of Applied Crystallography. 43 (2010) 716-719 
[4] Stan C. et al., J Comput Theor Nanosci. 14(4), 2030-2034 (2017). 
[5] Stan C. et al., Rom Rep Phys. 68(1), 270-277 (2016). 
[6] Balasoiu M., Buzatu D., Ivankov.O. et al., U.P.B. Sci. Bull., Series A. 82(4), 249-258 (2020). 
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One of the common ways of using model membranes is to study the functional features 
of light-activated ion channels and pumps. In this work, the adsorption of proteoliposomes 
(PLs) on planar bilayer lipid membranes (BLM) approach was considered [1]. These 
liposomes must be small enough. Size indirectly ensures that the protein is in its native 
orientation and that the liposomes are unilamellar. However, the structure and size of 
liposomes depends on many parameters: pH, the presence of metal ions (especially 
bivalent), the method of production, storage time and some other. The use of non-
unilamellar liposomes can lead to changes in characteristic photocurrents, which is 
described in this work. 

The installation used in this work is a container made of a dielectric material with a 
hydrophobic surface. The container consists of two compartments separated by a wall, in 
which there is a small hole tapering towards the center. During the experiment, the container 
filled with a buffer so that the hole is below the liquid level. Then a lipid membrane is 
installed on the hole. During incubation, it becomes thinner, becoming a lipid bilayer, which 
is characterized by optical changes. Further, on one side of the membrane, liposomes are 
added, the lipids in which are charged with the opposite to the membrane sign. During 
incubation, liposomes reach their maximum sorption on the membrane. Using electrodes 
located on opposite sides of the membrane, the operator measures the electrical parameters 
of the received object.  

In this configuration, the hole is illuminated with a 1 W white light bulb and a response 
signal is observed. The standard answer is shown in Figure 1. Light is on at 0 sec and off 
after 10 sec. The peak corresponding to the light on and the proton pump activation takes 
less than 0.5 seconds. This is followed by a constant current. After turning off the light, the 
current also quickly returns to the value before light on. When an external voltage is applied 
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in the range from -70 mV to +70 mV, the answer does not change significantly. Then 10 
mM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was added. After 10 minutes the 
measurements were repeated (Figure 2). The sign of the photocurrent change relative to the 
baseline before illumination became the opposite. Time of the transition to a constant value 
after the transient current is more than 10 seconds. When single-layer liposomes are used, 
the characteristic changes after the transient current do not change significantly after the 
addition of the protonophore. 

These liposomes were examined by dynamic light scattering (DLS). It was found that 
the diameter of the liposomes used was 128 ±15 nm. 

 
 

Figure 1. Change in photocurrent under 
illumination of liposomes with a proton pump, 
when an external voltage of 50 mV is applied  

Figure 2. Change in photocurrent under 
illumination of liposomes with a proton pump, 

after adding CCCP, and external voltage 60 mV 

Thus, it is assumed that this effect is due to the fact that the liposomes used in the 
experiment are different from the unilamellar ones. 

[1] Herrmann, T. R., and Rayfield, G. W. (1978) The electrical response to light of bacteriorhodopsin in 
planar membranes, Biophys. J., 21, 111125. 
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We used polarized positive muons (µSR[1]) to study the magnetic properties of the 
ferrofluids. 

The paper presents an experimental study of the ferrofluids based on magnetic 
nanoparticles of Fe3O4[2] and CoFe2O4[3] dispersed in water  with a different nanoparticles 
concentration. In this study, it was determined that the structure and magnitude of the 
magnetization of a ferrofluid depends on the viscosity of the liquid itself.  

We studied the difference between the magnetic properties of ferroliquids at the 
cooling at FC and ZFC conditions. Figures 1 and 2 presents the example of obtained data. 

 

Fig.1 The temperature dependencies of the relaxation rate of the muon spin precessions at ZFC (open 
circles) and FC (closed points) conditions at 500 G. 
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Fig. 2  The Fourier spectra of the μSR data for Сu and for sample with concentration of the cobalt 
ferrite nanoparticles of 3% at FC conditions of the cooling .  

We analyzed data from the point of view of studying the properties of an ensemble of 
single-domain magnetic nanoparticles. 

It is shown that at room temperature (290 K) and an external magnetic field of 527 G, 
the observed additional magnetization. In a small fraction of the sample under study (~ 
20%), negative magnetization (diamagnetism) is observed. At low temperatures (~ 30 K), 
the samples behave like a paramagnet in a magnetic field. For the first time experimentally 
using the μSR method, the magnetic field inside and in the immediate vicinity of the 
CoFe2O4 nanoparticles was measured, thus a direct measurement of the magnetization of a 
nanoscale object was made. 

[1] “The Muon Method in Science.” Smilga V.P. and Belousov Yu.M. Monograph. Nova Science, NY, 
1992. 

[2] M.Balasoiu, S.G.Barsov,   D.Bica et al.,  JETP Lett. 88(3), 210-213 (2008). 
[3] T.N.Mamedov, D.S.Anrieviskii, M.Balasoiu et al., Journal of Optoelectronics and Advanced 

Materials. 17(7,8), 1086-1091 (2015) 
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In the past few decades the importance of polymers rapidly increased due to their 
potential usage in nanotechnology. The stimuli responsive polymers are in the hot spot of 
polymer science since their structure can be tuned by changing the physical chemical 
properties of the environment [1]. The most extensively studied member of this class of 
materials is the poly(N-isopropylacrylamide) thermoresponsive polymer (PNIPAAM). 
PNIPAAM has a lower critical solution temperature (LCST) at around 32 °C [2][3]. The 
LCST can be changed by copolymerization of more hydrophobic or hydrophilic 
comonomers [2][3][4][5], and with the change of the solution environment, e.g., low 
molecular weight inert electrolytes in the aqueous phase [5]. Below the LCST, the 
pNIPAAM chains are soluble in water, however, above the LCST, phase separation takes 
place. There are several studies dealing with the self-assembled nanostructures induced by 
the phase transitions of pNIPAAM above the LCST (e.g., in the case of PEG-b-pNIPAAM 
block copolymers) [6]. Most of the published work has focused on the micelles formed at 
temperatures above the LCST, where the collapsed pNIPAAM chains form the core and the 
hydrated PEG chains form the shell [7]. In our recent study we showed the structural 
changes of coecarvates formed by oppositely charged block copolelectrolytes bearing with 
PNIPAAM blocks in the function of temperature and solution ionic strength [8].  

Despite the variety of applications of pNIPAAM in polymer technology the 
concentration dependence of the phase transition has not been investigated. In our work we 
used small-angle X-ray scattering to monitor the concentration dependence of the effect of 
ionic strength and temperature on the LCST. pNIPAAM with 100 000 Da molecular mass 
was used. Three different concentration (1 wt%, 2.5 wt% and 5 wt%) were investigated in 
pure water and 50 mM NaCl, as a function of the temperature. 

In order to obtain detailed structural information of the polymer, Debye chain form 
factor was fitted to the experimental scattering curve below the LCST. The high 
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concentration of polymer causes a concentration effect due to the interaction of the chains. 
These effects were described by the random-phase approximation [8] structure factor. The 
obtained structural parameters are shown in Fig.1. 

Our results showed that by increasing the concentration of the PNIPAAM shifts the 
LCST to a lower temperature. We also revealed that the polymer is in a more extended form 
(radius of gyration in Fig.1) in the presence of indifferent electrolyte and the attractive force 
between the segments (second virial coefficient in Fig.1) increases between the polymer 
segments. 

 

Fig.1. Fit results from SAXS data: (A) root-mean-square radius of gyration 

and (B) second virial coefficient as a function of temperature. 

[1]  Martien A.et al. Nature Materials volume 9, pages101–113(2010) 
[2]  M. Heskins et al. Journal of Macromolecular Science: Part A - Chemistry 2 (8) (1968) 1441–1455. 

doi 
[3]  H. G. Schild et al. The Journal of Physical Chemistry 94 (10) (1990) 4352–4356.  
[4]  R. Acciaro et al. Langmuir 27 (12) (2011) 7917–7925. 
[5]  R. Pamies et al. Polymer Bulletin 62 (4) (2009) 487–502. 
[6]  W. Yan et al Macromolecules 41 (13) (2008) 4908–4913. doi:10.1021/ma7026726 
[7]  Y. Maeda et al. Macromolecular Rapid Communications - Wiley Online Library, Macomolecular 

Rapid Communications 22 (2001) 1390–1393. 
[8] B. Fehér et al. Langmuir 2019, 35, 42, 13614–13623 
[9]  J. Lyngsø et al. Macromolecules 48 (7) (2015) 2235–2243. doi:10.1021/acs.macromol.5b00057. 
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Alginate is a natural polysaccharide extracted from brown algae. It is linear structure 
consists of alternating β-D-mannuric (M) and α-L-guluronic (G) acid monomers. Sodium 
alginate hydrogels can be easy prepared by crosslinking with 2x valence metal cations. The 
bond between the alginate polymer chain and divalent cations is usually described using the 
“eggs box” model. Due to biocompatibility and ease way of gelation, alginate hydrogels 
have been used in various areas of industry, such as cosmetology, biomedicine, engineering 
et al. Recently they began to be used as bioprinting inks for a tissue engineering [1].  

For 3D-bioprinting, calcium chloride is mainly used as a crosslinker for alginate.  The 
polymer forms a gel with dynamic crosslinks. The crosslinks break when stress is applied 
to the gel after which, and in the absence of stress, the chains can merge again and gel 
structure recovered. This is a thixotropic property of the alginate hydrogels. This feature of 
alginate hydrogels important for 3D printing, since the ink after extrusion from the printer 
nozzle must recover elastic properties and keep its shape. However, mechanical properties 
of alginate do not allow obtaining the required resolution for printing; therefore, the search 
for the properties of biocompatible fillers to increase the mechanical properties without loss 
of thixotropy is urgent now. As such additives, we offer halloysite natural clay nanotubes, 
which possess biocompatibility and cytocompatibility. Halloysite has been used as 
nanofiller for polymer nanocomposites [2], but has not been studied as extender for alginate 
hydrogels.  

The studies were carried out with sodium alginate hydrogels modified with 
aluminosilicate nanotubes in the range below and above the overlap concentration of the 
tubes. All gels prepared at pH = 7.2±0.1. Mechanical properties have been studied using 
rheology. The structure was investigated using the SAXS. 

The research obtained nonlinear effects of halloysite on the elastic modulus, linear 
viscoelastic response, yield stress and recovery rate of the alginate hydrogels. The latter 
were prepared with different amount of polymer chains and degree of cross-linking. The 
nanocomposite hydrogels possess shear thinning behavior and recover initial structure and 
properties after injection at the presence halloysite nanotubes even above overlap 
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concentration. The developed nanocomposite alginate hydrogels are quite perspective 
candidates for 3D printing applications. 

 We acknowledge funding from the Ministry of Science and Higher Education of the 
Russian Federation (Agreement No. 075-15-2020-794). 

[1] A. Habib, Materials 2018, 11(3), 454 
[2] K. Fujii, Composite Interfaces 2014, 21, 319. 



CMSMS 2021 – Book of Abstracts 117 

Isayev R.S. 

Self-organization of different - scale structural groups in the Cu / Nb-Ti 
composite under the action of bundled hydro - extrusion 

Samoilenko Z.A.1, Ivakhnenko N.N.1,2, Pushhenko E.I.1, Badekin M.Yu.2,  

 Chernyavskaya N.V.1, Belichko D.R.1, Konstantinova T.E.1, Maletsky A.V.1,  

Volkova G.K.1, Burkhovetskiy V.V.1,  Doroshkevich A.S.3, Badica P.4,  

Nabiyev A.A.5, Isayev R.S.3,6,7, Bǎlǎșoiu M.8 

1 Donetsk Institute for Physics and Engineering named after O.O. Galkin” Donetsk, Ukraine, е-mail: 
korund2002@list.ru. 

2 State organization of higher professional education "Donetsk National University of Economics and 
Trade named after Mikhail Tugan-Baranovsky", Donetsk Russia, е-mail: yulduz19.77@mail.ru. 

3 Joint Institute for Nuclear Research, Dubna, Russian Federation, е-mail: doroh@jinr.ru. 
4 National Institute of Materials Physics, Măgurele, Romania, е-mail: badica2003@yahoo.com. 
5 ANAS Institute of Radiation Problems,Baku, Azerbaijan, е-mail:  asifnebi@gmail.com. 
6 National Center for Nuclear Research, Baku, Azerbaijan;  е-mail:  isayev_rafael@mail.ru. 
7 National Research Nuclear University MEPhI Moscow, Russian Federation. 
8 Horia Hulubei National Institute for R&D in Physics and Nuclear Engineering (IFIN-HH), Bucharest 

Romania; е-mail:  masha.balasoiu@gmail.com 
е-mail: korund2002@list.ru. 

The samples were obtained using the technology of repetitive package rolling. At the 
beginning of each cycle, an assembled multilayer package is rolled on a vacuum rolling 
mill with preheating. Thepackage is welded and turned into a monolithic billet. The 
monolithic billetis rolled at room temperature to a thin section strip (Fig. 1). In the first 
cycle, the package is assembled from alternating foils of two or more different metals or 
alloys. At the subsequent cycles, the package is gathered from multilayer foils after the 
previous cycle. Thus, an individual foil undergoes a colossal total deformation.  

 

Fig. 1.Obtaining multilayer composites. Scheme 
of one cycle. 

Diffraction patterns were obtained from the studied Cu-NbTi samples in CrKα 
radiation with a V-filter using a photo-method to analyze the atomic structure of long-range 
and mesoscopic orders..The photo-method is sensitive to record coherent and incoherent X-
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ray scattering, making it possible to examine the details of structural changes in the atomic 
order. 

The newlyobtained material is remarked with an unstressed and relaxed structure. The 
new material has amodernized composition of elements of various sizes, which form small 
crystals in the long-rangeand nanoscale layers in the mesoscopic range. The nanoscale 
layers are fragments from planes with a relatively perfect atomic order (flat clusters), 
gradually turning into short-range atomic order with a defect structure, intercluster 
amorphous regions. 

In the studied samples, a new structural state appears in the form of periodic fluctuation 
peaks at the average angles of the diffraction pattern, similar to forming a new metastable 
nanoscale phase (Fig. 2). The obtained structural state characterizes the composite as a high-
strength superconductor. 

 

Fig. 2. Diffraction patterns from a Cu-NbTi sample, P = 1 GPa. 

 
The study was performed in the scope of the RO-JINR Projects within the framework 

of themes FLNP JINR: № 04-4-1140-2020/2022 and № 03-4-1128-2017/2022.  
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Over the past 30 years, amphiphilic polymers (amphipols) have been successfully used 
in working with membrane proteins [1]. Amphipoles such as A8-35 and PMAL-C12 are 
used for membrane proteins solubilization. 

Amphiphilic polymer A8-35 consists of an acrylic acid polymer (≈35 residues), to the 
carboxyl groups of which octylamine (z≈9) and isopropylamine (y≈14) are randomly 
attached (Figure. 1). The average molar mass of A8-35 is 4.3 kDa [2]. 

The amphiphilic polymer PMAL-C12 is also used as a membrane mimetic for 
membrane proteins solubilization. The chemical structure of the amphiphilic polymer 
PMAL-C12, where n≈30, is shown in Figure 2. The molecular weight of PMAL-C12 is 
approximately 12 kDa. PMAL-C12 is highly negatively charged at neutral pH. 

Despite theirs wide applicability, some properties of polymers have not yet been 
studied, for example, the aggregation number. The study of the free micelles structure could 
provide important insights for understanding the interaction of these polymers with target 
membrane proteins. 

This research results showed that A8-35 is a monomer with disordered folding and 
PMAL-C12 has an elongated cylindrical structure with a hydrophobic part facing inward, 
its aggregation number is ~10. The measurements were carried out on the X-ray instrument 
Rigaku, MIPT, Dolgoprudny, Russia [3]. 
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Figure 1. The chemical structure of amphiphilic polymer A8-35 
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Figure 2. The chemical structure of amphiphilic polymer PMAL-C12 

[1] Popot J.-L. Membrane Proteins in Aqueous Solutions. Cham: Springer International Publishing, 
2018. 567 с. 

[2] Tribet C., Audebert R., Popot J.-L. Amphipols: Polymers that keep membrane proteins soluble in 
aqueous solutions // Proc. Natl. Acad. Sci. 1996. Т. 93. № 26. С. 15047–15050. 

[3] Murugova, T. N., et al. "Low resolution structural studies of apoferritin via SANS and SAXS: the 
effect of concentration." Journal of optoelectronics and advanced materials 17.9-10 (2015): 1397-
1402. 
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Synthesis of new combined structures based on detonation nanodiamonds [1] with 
variable sign of surface potential has been performed using modifying components being 
medical polymer Polyvinylpyrrolidone (PVP) and Gd-containing organic scintillator (SC) 
composed of linear alkylbenzene with special additives [2]. The primary complexing of 
hydrophobic SC and amphiphilic PVP in isopropanol enabled us to prepare the compound 
based on detonation nanodiamonds (DND Z+) forming stable aqueous dispersions due to 
repulsion of diamond nanoparticles carrying regulated positive charge on the surface.   

Finally, ternary complexes SC-PVP-DND Z+ (approximately equal weight fractions 
of components) were prepared in a stable form in aqueous media. Structure of the 
complexes studied by small angle neutron scattering experiments (SANS) exhibited fractal 
nano-scale ordering of these composites with hydrophilic and hydrophobic components 
(Fig.1).  
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Fig.1. SANS data for ternary 
complexes SC-PVP-DND Z+ 

in aqueous medium. Line 
indicates the scattering cross 
section’s behavior σ ~ 1/q2.3 
vs. momentum transfer for 
mass fractals of diamond 

particles. 

 

The modification of diamonds with polymer and scintillator did not destroy normally 
observed chain-like association of DND Z+ particles in water. The complexes demonstrated 
branched fractal clusters of same structure initially at 20 oC and by heating up to 50 oC 
(Fig.1). Structural features of such optically and magnetically active complexes are 
discussed regarding to their optical absorption and X-ray fluorescent properties (Fig.2) 
being relevant in biomedical applications. 

 

Fig.2.  Luminescence of pure 
LAB-scintillator (1) and complex 
SC-PVP-DND Z+ (2) excited by 

X-ray irradiation (wavelength 
0.154 nm). The data (1) are 
reduced by factor 60 for the 
convenience of presentation. 
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The complexes have shown the spectrum of luminescence practically in the same band 
of wavelength ~ 400-500 nm as it was detected for pure scintillator (Fig.2). This spectrum 
corresponds to Soret band of absorption of medical sensitizer Radachlorin® used in 
Photodynamic Therapy (PDT).   

Thus, it seems appropriate the application of new photoactive complexes in 
combination with sensitizer to enhance the yield of singlet oxygen in surrounding biological 
tissues in PDT with the use of X-ray excitation of complexes being able to activate 
sensitizer. 

 
The work was supported by the Russian Foundation for Basic Researches (gr. No 18-

29-19008).  
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Magnetophoresis, that is, the motion of magnetic objects under the action of 
nonuniform magnetic field, is the physical basis for many applications of magnetic 
nanoparticles (MNPs) in biotechnology and medicine. Examples of such applications are 
magnetic cell separation and targeted drug delivery. It is known that the sensitivity of MNPs 
to the applied gradient field is among main factors determining their suitability for 
biomedical purposes [1]. In this contribution, we use methods of nonequilibrium statistical 
mechanics as well as Langevin dynamics simulations to study how the magnetophoretic 
movement of MNPs in a nonmagnetic viscous medium is affected by interactions between 
these MNPs (namely, dipole-dipole and Van der Waals interactions). We model a 
cylindrical microchannel filled with the colloidal suspension of MNPs in a nonmagnetic 
liquid (i.e., with the “ferrofluid”). A current-carrying linear conductor is placed along the 
microchannel axis. The system is thermostated. The nonuniform azimuthal field of the 
current causes the magnetophoretic drift of MNPs in the radial direction. This drift is 
hindered by the gradient Brownian diffusion. Over time, an equilibrium radial distribution 
of MNPs will be achieved in the system as the results of competition between 
magnetophoresis and diffusion. Here the equilibrium radial MNP distribution (as well as 
the relaxation time required by the system to achieve an equilibrium) is determined for 
different MNP concentrations and different particle magnetic moments. Simulation results 
are critically compared with the predictions of ferrofluid masstransfer theories available in 
the literature. 

 
The work was supported by RFBR (grant No. 19-31-60036). 
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Developments in the creation of nano(micro)layers on solid substrates and preparation 
films with desirable functional properties (conductive, optical, catalytic, providing ionic 
transport etc.) are realized presently by using various nanoparticles such as fullerenes, 
detonation diamonds, nanotubes carbon or mineral. Such objects and their layered 
structures can be characterized by neutron scattering and reflectometry. For example, the 
latter delivers the information on the formation of the layers of carbon nanotubes (CNT) by 
their laser ablation and precipitation on substrate (Indium Tin Oxide - ITO) [1]. In 
reflectivity experiments (JINR, Dubna, Russia) the authors found the profiles of scattering 
length density for the carbon layer of CNT (length ~ 100 nm) on conducting film covering 
glass plate (Fig.1). The thickness and the roughness of carbon layers border depended of 
the applied electric field orienting CNT and on polishing surface by scanning laser beam. 
We discuss the influence of such treatments on the CNT-coatings. The opportunities of such 
approaches we extended by a combination with others nuclear methods such as resonant 
gamma-spectroscopy. The latter allow to study subtle features in atomic coordination of 
atoms of the elements having special Mӧssbauer nuclei. Among them, the iron is spread 
since it play a crucial role as a component of steels and alloys, composite materials, 
biological tissues, nanostructures such as nanotubes of Mg-Fe-chrysotile [2]. The 
experimental facility recently created at PNPI (Fig.2) has allowed us to start the experiments 
on nanodiamonds modified with Eu atoms and determine their valent state at crystalline 
surface. Further experiments gave the information on subtle features of Fe ions localization 
in material of nanotubes Mg-Fe-chrysotile as dependent on the content of Fe in them at 
various amounts of oxides (FeO, Fe2O3) in the samples. These nanotubes are considered as 
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prospective modifiers for diffusive membranes to provide desirable functional 
characteristics (selectivity for different molecules, permeability). 

 

Fig.1. Scattering length density profile for 
the CNT coating on ITO film deposited on 

glass. Data for various orienting electric 
field are given. 

 

 

Fig.2. Electrodynamic type Mössbauer 
spectrometer (PNPI): 1 - gamma radiation 
source on vibrating frame, 2 – shield, 3 – 

sample, 4 – photomultiplier tube, 5 – 
collimators, 6 – optical bench. 

 

Further development of complementary nuclear methods promises a good progress in 
the studies of new nanostructures materials for wide spectrum of applications.  

 
The work was supported by the Russian Fund for Basic Researches (gr. No 18-29-

19008).  
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To prepare new biocompatible magnetic nanoparticles the product of co-precipitation 
method, the magnetite, was coated with gallic acid, a remarkably antioxidant molecule, 
rather recently considered for core-shell nanostructures preparation. We applied three 
procedures to obtain gallic acid/magnetite nanoparticles: (i) ferrophase stirring with 

adequate solution of gallic acid at high temperature, about 80° (M. Szekeres et al., 2005); 
(ii) room temperature stirring of ferrophase and gallic acid solution; (iii) sonochemical 
method at room temperature treatment (Wang și colab., 2015). 

The final products stability was studied related to the coated ferrophase granularity by 
means of Transmission Electron Microscopy.  

   
a) b) c) 

Fig. 1. TEM images of gallic acid/magnetite nanoparticles Fe3O4@GA: a) procedure (iii); b) procedure 
(i); c) procedure (ii) 

In Fig.1. three representative micrographs are shown for the three types of 
biocompatible magnetic nanoparticles.  

Table 1. Physical diameter of gallic acid/magnetite nanoparticles Fe3O4@GA 
Pro Fe3O4@GA  (i) Fe3O4@GA  (ii) Fe3O4@GA  (iii) 

DTEM (nm) 130.0 10.0 19.0 
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The values of the mean diameter were estimated by analyzing the size of numerous 
nanoparticle images (Table 1). 

According to the requirements of good stability –granularity relationship the sample 
resulted through the application of protocol (ii) was chosen for further investigations and 
applications, since the smallest nanoparticles (around 10 nm physicall diameter DTEM) were 
evidenced. 

Other investigations of the physical-chemical properties by corresponding methods 
were carried out (X-ray diffractometry for crystalinity investigation, Vibrating Sample 
Magnetometry for magnetic properties, NTA – Nanoparticle Tracking Analysis for 
hydrodynamical diameter). 

The theoretical description of gallic acid structure and properties was carried out 
(Table 2) by computational means (PM3 method) using Spartan 18 software package.  

Table 2. Dipole moment and frontier orbital energies for the gallic acid 
Gallic acid PM3(HyperChem 8.0) Literature  

Dipole moment  (D) 1.87 1.8 (Lespade et al., 2010) 
Log P -2.09 -1.3  Andersson et al., 2009) 
EHOMO  (eV) -9.310 -9.32  Lu et al., 2006) 
ELUMO (eV) -0.61 -0.61 (Martinez et al., 2003) 

 
The dipole moment and the energies of Highest Occupied Molecular Orbital (HOMO) 

and Lowest Unoccupied Molecular Orbital (LUMO) were taken first into consideration as 
ost important for the gallic acid interaction with metal cations at the Fe3O4@GA surface 
and also with surrounding water. The results were compared with other authors published 
data being important for the interactions that ensure the colloidal suspension stability. 
Further investigations are planned by SANS method, at JINR –Dubna to search for 
complementary data on the nanoparticle properties in fluid suspension. 

[1]  M. Szekeres, E. Illés, C. Janko, K. Farkas, I. Y. Tóth, D. Nesztor, I. Zupkó, I. Földesi, C. Alexiou, 
E. Tombácz, J. Nanomed. Nanotechnol., 5, 6 , 1000252, 2015. 

[2] Y. Wang, I. Nkurikiyimfura, Z. Pan, Chem. Eng. Commun., 202, 616–621, 2015 
[3] Lespade, S. Bercion, J. Phys. Chem. B, 114, 2, 921–928, 2010. 
[4] J. T. Andersson, W. Schrader, A, Analyt. Chem., 71, 3610-3614, 1999.  
[5] Z. Lu, G. Nie, P.S. Belton, H. Tang, B. Zhao, Neurochem. Int., 48, 263-274, 2006. 
[6] S. Martinez, I. Stagljar, J. Mol. Struct. (Theochem), 640, 167–174, 2003. 
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Introduction 

Multilayer systems such as SiO2/TiO2/Si and TiO2/SiO2/Si have important physical 
properties, including high dielectric constants, adjustable wide refractive index range, and 
electro-optic effects.  

Experimental  
The all samples were implanted with Ne+, Ar+ and Kr+ with the same fluence 3x1016 

ions/cm2 and the energy was 250 keV. With the help of Rutherford backscattering 
spectrometry (RBS) and Spectroscopic Ellipsometry (SE) methods were obtained the depth 
profiles of elements and the optical properties of the samples. 

Results & Discussion 
It was noticed that mass of ions increases the dielectric function of all layers have been 

changed. It was noticed that transient layers between the SiO2 and TiO2 are formed. The 
atomic composition of these layers indicates that they are a mixture of Si, Ti and O 
elements. The dielectric functions of the study layers. The dielectric function of these layers 
confirms that the interaction of ions with the atoms of the target creates a layer that describes 
the EMA model well. The thicknesses of layers determined on the basis of RBS and SE 
measurements are in good agreement for the samples before and after ion irradiation. The 
results of these studies indicate that the use of these measurement methods gives precise 
measurements.  
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Polymer nanocomposites allow for a large tunability of dielectric permittivity by 
properly selecting the identity, size, shape, property of filler and by controlling the 
morphology of polymer matrices, and engineering the interfaces between filler and matrix. 
The size, shape and concentration of fillers have important effects on dielectric properties. 
However, the effects of the size and shape of fillers have yet been explored to a sufficient 
degree [1].  

To partially fill the knowledge gap on the influence of nanoparticle filler on the 
polymer matrix structure, we studied the nanocomposite films prepared by filling the HDPE 
matrix with two fillers (ZrO2 and SiO2) of substantially different properties. Such a set of 
filler particles enabled us to partially elucidate the relationship between the filler properties 
and their effect on the HDPE matrix morphology. As we show, the selected nanoparticles 
alter the structure of HDPE matrix a completely different way.  

We studied the interfacial effects in HDPE-nanoparticle composite films using two 
types of filler particles: nano-ZrO2 and nano-SiO2, categorized as ‘inactive’ and ‘active’, 
respectively.  For both fillers, we found that the nanoaggregates are evenly located in the 
polymer matrix and their surface roughness and fractal character are determined by their 
initial state in the powders [2]. 

In the case of nano-ZrO2 filler the lamellar thickness and crystallinity degree remain 
unchanged over a broad range of filler concentrations. We propose that in the presence of 
nano-ZrO2 filler, the crystallization of HDPE starts in the bulk. Here, the nanoparticles acts 
as a geometrical hindering factor for growing lamellae. As a result, there are formed zones 
of reduced polymer density that surround the nanoparticles and are of comparable size (ca. 
10 nm). As evidenced by temperature dependent SANS measurements, these zones collapse 
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at the temperature of 80 °C with simultaneous partial aggregation of the nanoparticles [3]. 
The phenomenon is driven by polymer chain displacements related to the α-relaxation 
process [4].  

Silica nanoparticles exert a completely different impact on the crystallization of HDPE 
under rapid quenching conditions. Here we found that both the lamellar thickness and the 
degree of crystallinity increase with increasing the filler loading. Based on this, we propose 
that nano-SiO2 particles are ‘active’ in HDPE crystallization, supposedly acting as 
nucleation centers for lamellae growth [5]. Based on SAXS measurements, the ordering of 
the lamellae is disrupted even at a filler content of a few percent. Since the crystallization 
starts on the particles surface, not in the bulk, no cavity zones are present. The changes of 
SANS curves at different temperatures in range from 20 oC to 120 oC are not visible also. 

This different behavior of both fillers is expected to lead to different mechanical and 
dielectric properties of the nanocomposites and will be the subject of our further study. 
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[5]  A.A. Nabiyev, Eurasian Journal of Physics and Functional Materials, 4 (1), 38-49 (2020). 
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Magnetoactive elastomers (MAEs) are polymer composites that consist of a polymer 
matrix and ferromagnetic filler particles dispersed in it. Due to the presence of 
ferromagnetic filler in the material it is possible to influence its properties via an external 
magnetic field. Magnetized filler particles interact with each other and with the external 
field and rearrange inside the matrix, if it is possible. Thus, mechanical and electromagnetic 
properties of MAEs can be controlled externally.  

The aim of this work is to study the filler restructuring in MAEs using theoretical 
methods and computer simulations. Here the problem of a ferromagnetic inclusion in a 
polymer matrix is considered. Object of an arbitrary shape is placed in a hyperelastic 
medium. The medium’s response to the movement of the object caused by magnetic field 
is then studied using finite element method. This object can represent a single particle or a 
cluster of tightly packed particles moving as a whole. The shape of the object is chosen 
primarily to be that of an ellipsoid with varying anisometry ratio.  

Mechanical response (stress-strain) and the energy of a cell containing the ellipsoid 
are calculated for different filler concentrations, shapes (disk-like and needle-like 
ellipsoids), anisometry ratios and magnetic fields. Both linear and non-linear elasticity are 
considered. Various mechanical loads are prescribed to the cell corresponding to different 
boundary conditions. For the linear regime effective elastic modulus of the cell and the 
linear regime limits are calculated as well.  

The obtained results will later be used in simulations of ferromagnetic inclusion 
systems and ensembles.   
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gratefully acknowledged. 
 



CMSMS 2021 – Book of Abstracts 133 

Nagornyj A.V. 

Structural ordering of magnetic and non-magnetic nanoparticles  
in aqueous media by SANS 

Nagornyi A.V.1,2,3, Avdeev M.V.1, Ivankov O.1,4, Shlapa Yu.Yu.5,  

Solopan S.O.5, Belous A.G.5, Zabulonov Yu.L.3, Vekas L.6,7, Bulavin L.A.2 

1 Joint Institute for Nuclear Research, Dubna, Russia 
2 Taras Shevchenko National University of Kyiv, Kyiv, Ukraine 
3 State institution “Institute of environmental geochemistry of the Ukrainian NAS”, Kyiv, Ukraine 
4 Institute for Safety Problems of Nuclear Power Plants, Chornobyl, Ukraine 
5 Vernadsky Institute of general and inorganic chemistry, Kiev, Ukraine 
6 Center for Fundamental and Advanced Technical Research, Romanian Academy – Timisoara Branch, 

Timisoara, Romania 
7 Research Center for Complex Fluids Systems Engineering, Politehnica University of Timisoara, 

Timisoara, Romania 
e-mail: avnagorny@jinr.ru 

Current interest in colloidal systems containing magnetic and nonmagnetic 
nanoparticles (NPs), such as magnetic fluids, is due to an effective combination of 
properties and features at nanoscale affecting on their bulk state, which is useful in various 
industrial technologies and biomedical applications [1-3]. Thus, for example, the 
combination of fluidity and magnetism is important for biomedical applications [4]. 
Colloidal nanoparticles (including magnetic NPs) intended for these purposes should have 
as narrow size distribution as possible, be chemically stable, non-toxic, and at the same time 
demonstrate superparamagnetic properties. For effective use, colloidal NPs ought to have 
controlled size and, as far as possible, be resistant to formation of large aggregates. 
Colloidal aggregation cannot be avoided completely in water-based magnetic fluids [5]. 
The issue of aggregation becomes especially important in biorelevant solutions, which are 
naturally water-based. 

The reason for aggregation in an aqueous medium is the dominance of the energy of 
interaction between particles over the energy of thermal motion in the medium that is 
especially pronounced for magnetic NPs. This work considers structural studies of aqueous 
magnetic fluids and aqueous dispersions with nonmagnetic nanoparticles basing par 
excellence on small-angle neutron scattering techniques as powerful tool in condensed 
matter science. 

[1]  Socoliuc V., et al., Magnetochemistry. 6(1), 1-36 (2020). 
[2]  Krasia-Christoforou T., et al., Nanomaterials. 10(11), 1-67 (2020). 
[3]  Siposova K., et al., ACS Applied Bio Materials. 2(5), 1884-1896 (2019). 
[4]  Vekas L., Bica D., Avdeev M.V. China Particuology. 5(1-2) 43-49 (2007).  
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Fullerene is a molecular compound consisting of carbon atoms. Along with other 
allotropic forms of carbon, such as diamond or graphite, fullerenes are the first form, soluble 
in a wide variety of organic and inorganic solvents. Fullerenes are widely used in various 
fields, including optics, electronics and medicine [1-3]. 

For these purposes, the production of liquid solutions of fullerenes is necessary [4]. 

Despite of a wide application of fullerene solutions, the processes of their aggregation in 

solvents and the processes of interaction between fullerenes and solvents are still unclear 

[5]. 

In the present work the structure of fullerenes C60 and C70 in polar and non-polar 

solvent mixtures was investigated. Toluene and N-methyl-2-pyrrolidone were chosen as 

solvents. To carry out these tasks the methods of small-angle neutron scattering, small-

angle X-ray scattering, dynamic light scattering and UV-vis spectroscopy were used. 

As a result, the correlation was observed between the fullerene aggregates formation 
and a volume fraction of the nonpolar solvent toluene. The dependence of the structural 
state of fullerene C70 on the polarity of the liquid medium was studied; an increase in the 
volume fraction of the polar solvent toluene above the threshold value of 70% led to the 
destruction of the existing large aggregates and the reorganization of the clusters. The 
obtained data were analyzed in comparison with the previous results for the similar colloidal 
systems with fullerene C60. 

[1] L. Wang, J. Phys. Chem. Solids 84 (2015), 85. 
[2] M. Xing, R. Wang, J. Yu, Int. J. Refrigeration 40 (2014), 398. 
[3] S. Afreen, K. Muthoosamy, S. Manickam, U. Hashim, Biosensors and Bioelectronics 63 (2015), 354. 
[4] E. Oberdorster, Environ. Health Perspect. 112 (2004), 1058. 
[5] T. V. Tropin, M. V. Avdeev, O. A. Kyzyma, V. L. Aksenov, Phys. Status Solidi B. 247 (2010), 3022. 
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Liposomes are a model membrane system of cellular organelles and cells, which is 
also can be used for functional tests of membrane proteins. In addition, liposomes can be 
used as drag-delivery systems[1]. Structural studies of liposomes are an important task that 
will advance the understanding of the physical properties of these model systems. 

In this study, liposomes from asolectin were studied by small-angle X-ray scattering[2] 
under different condition. The gyration radius in the infinite plane approximation(Rt) and 
consequently the number of bilayers were calculated for each samples. The dependence of 
this parameter on various conditions, such as the pH of the medium and the concentration 
of asolectin in the solution, was obtained. 

[1] Tiwari, G., Tiwari, R., Sriwastawa, B., Bhati, L., Pandey, S., Pandey, P., & Bannerjee, S. K. (2012). 
Drug delivery systems: An updated review. International journal of pharmaceutical investigation, 
2(1), 2 

[2] Svergun, D. I., & Koch, M. H. (2003). Small-angle scattering studies of biological macromolecules 
in solution. Reports on Progress in Physics, 66(10), 1735. 
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The process of magnetophoresis in a thin layer of MF under prolonged exposure to 
inhomogeneous MP of several configurations is studied. In axisymmetric magnetic systems 
with the use of unipolar permanent magnets, capable of creating a magnetic field with a 
strength of 500 kA/m in a sufficiently extended region, the course of the magnetophoresis 
process in MF samples with different microstructures is experimentally studied. The 
experiment was carried out using the method of photofixing the dynamics of the interphase 
boundary in a flat thin optically transparent cell filled with MF, from the bottom of which 
a controlled illuminator was fixed. In an experiment on a long-term (~30 days) study of the 
process of magnetophoresis in MF in the magnetic field, it was found that for a sample of 
MF containing larger MNPs (d~15 nm), the process of magnetophoresis proceeds 5 times 
faster than in a sample of MF with smaller MNPs (d~7 nm). In the case of the monodisperse 
approximation, without taking into account the diffusion processes, an expression is 
obtained for the diameter of the magnetic particles involved in the magnetophoresis process, 
on the basis of which, according to the experimental data, the dependences of the size of 
the MNP on the exposure time are constructed, shown in Figure 1. 

    
Figure 1. The dependence of the average diameter of the MNP MF, in comparison with the data 

obtained by TEM and AFM 

The publication was prepared as part the state task for (number 0851-2020-0035). 

[1] Usadel, K. D., et al. Soft matter 15(44), 9018-9030 (2019). 
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Development of intelligent containers for remotely guided intracellular drug delivery 
is one of the most relevant tasks of modern nanosurgery. A possible solution is synthesis of 
magnetosensitive vesicles (polymersomes) [1]. The inner space of these capsules offers a 
submicron reservoir that might be filled with therapeutic or/and diagnostic content, whereas 
the outer membrane (wall) is formed by a double layer of an amphiphilic polymer inside 
which magnetic nanoparticles (MNPs) are enclosed. The developed methods of synthesis 
enable one to produce polymersomes with a wide range of morphologies and structures. In 
particular, the amphiphilic macromolecules, when being assembled in layers, could be 
linked in such a way that the resulting capsules are non-spherical. Such polymersomes, 
prolate in particular, are considered as promising candidates for creating nanodevices 
capable of penetrating cellular membrane, i.e., provide tools for cellular surgery. An 
external AC field by inducing alternating motion of the nanoparticles produces oscillations 
of the overall polymersome shape. Due to that, the capsule becomes a nanoscale source of 
pulsation pressure that can be effectively used in the cell mechanobiology. 

In the presented work, by the means of coarse-grained molecular dynamics simulations 
the quasistatic response of prolate magnetic polymersomes to an applied field is studied. 
The modelling is performed using ESPResSo [2]. The real polymersome is schematized as 
a closed layered particulated structure consisting of the beads (coarse grains) of two types 
bonded by a set of interparticle potentials. The outer and inner shells constructed of 
polymeric (non-magnetic) beads, imitate the layers of the amphiphilic membrane; the 
MNPs are confined between those layers. The beads of each membrane are connected by 
Hookean springs to tune the stretching and bending properties of the shell as well as its 
thickness. The MNPs are assumed to be soft spheres interacting with each other via 
magnetic dipolar potential. Soft repulsion is assigned also to the interaction between the 
MNPs and polymeric beads in order to prevent the nanoparticles from migration neither 
inside the polymersome or outside the membrane. All the system is placed in a bath with 
constant temperature (Langevin thermostat) and subjected to an external magnetic field. 
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The above-described computational experiment is carried out under a progressively 
increasing (in a quasistatic way) magnetic field. Several orientations of the latter with 
respect to the major axis of the ellipsoid-like polymersome were considered, see Figure 1. 
The results of statistical analysis of spatial rearrangements of the MNPs under the action of 
the field would be presented in the talk. 

   

a) b) c) 

Figure 1. Snapshots of the final magnetized configuration of an elongated magnetosensitive vesicle: а) 
magnetic field is directed along long axis of the vesicle, b) magnetic field is directed at an angle of 45 

degrees to the long axis of the vesicle, c) magnetic field is directed along short axis of vesicle. 

 
The study was supported by a grant from the Russian Science Foundation (project No. 

20-71-00045). 

[1]  Oliveira H. et al. J. Control. Release. 169, 165–170 (2013). 
[2]  Weik F. et al. Eur. Phys. J. Special Topics. 277, 1789–1816 (2019). 
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Bovine serum albumin (BSA) acts as a carrier for many ligands such as flavonoids, 
hormones, and nanoparticles, including biogenic nanoparticles. The best medium for the 
biosynthesis of iron nanoparticles, such as ferrihydrite nanoparticles, is bacteria. The 
ferrihydrite nanoparticles used in this study were synthesized by Klebsiella Oxytoka 
bacteria in different conditions (dark, light, frozen). The morphology and the structure of 
the particles is characterized by means of scanning electron microscopy (SEM) and small-
angle X-ray (SAXS) methods. In order to evaluate the binding mechanism between the 
biogenic nanoparticles and BSA, we used UV-Vis spectroscopy, fluorescence, fluorescence 
resonance energy transfer (FRET), and molecular docking. 

The dispersion of the ferrihydrite nanoparticles was investigated by UV-Vis 
spectroscopy. The darkness conditions are favorable for the increase of the absorbance, 
suggesting that in darkness, the organic matter could be attached strongly to the surface of 
ferrihydrite nanoparticles. All biogenic ferrihydrite nanoparticles bind to BSA at one site, 
with very weak affinity constants, by a static process, confirmed also by the FRET 
efficiency and the distance between the two partners. The thermal stability of BSA was 
favored in the presence of biogenic ferrihydrite nanoparticles. Following molecular 
docking, the best position of the ferrihydrite in the protein binding site determined, and 
spectroscopic results were confirmed. 

These results can be a starting point for the use of the biogenic ferrihydrite 
nanoparticles in medical applications targeting processes such as circulation, distribution, 
biocompatibility bioavailability. 
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Human serum albumin (HSA) binds and carries a very large variety of small molecules 
- flavonoids, ions, vitamins, and nanoparticles such as iron oxide nanoparticles. In this 
study, we used chemical ferrihydrite nanoparticles (Fh-NPs) simple and doped with Co and 
Cu due to their physicochemical properties [1, 2]. To analyze the formation and 
organization of HSA corona molecules around nanoparticles and to evaluate the 
morphology and particle size, we used Scanning Electron Microscopy (SEM) and Atomic 
Force Microscopy (AFM). Molecular docking studies were used in order to determine the 
probable location of the ferrihydrite in the HSA structure. In order to establish the thermal 
stability of the protein alone and in complex with the nanoparticles, fluorimetry was used 
by analyzing the behavior of Trp-214 residue from HSA and the denaturation temperature 
was determined.  

SEM and AFM experiments revealed the dimensions of Fh-NPs and the organization 
of HSA molecules around Fh-NPs, in a fairly regular corona. The average diameter of Fh-
NPs coated with HSA corona was ≈150 nm for simple Fh-NPs, ≈100 nm for Co-Fh-NPs, 
and ≈12 nm for Cu-Fh-NPs. The molecular docking simulation shows that ferrihydrite is 
binding to the metal-binding site of HSA, with a low affinity. Thermal denaturation of HSA 
alone and in complex with Fh-NPs produces intermediate states and the temperature of 
transition is almost the same for all complexes excepting HSA-Co-Fh-NPs sample.  

The biophysical effect of Fh-NPs on serum proteins is the first step in their use in 
biological applications as hyperthermia, drug targeting, and diagnostic applications (nuclear 
magnetic resonance imaging). 

 



CMSMS 2021 – Book of Abstracts 143 

Acknowledgment. The work was accomplished in the frame of JINR-Romania 
Cooperation Program on JINR Themes: 5-1131-2017/2021, 02-1-1107-2011/2021 and 04-
4-1133-2018/2023. 

[1] Yaroslavtsev R.N., Preparation, structure, static and dynamic magnetic properties of ferrihydrite 
nanoparticles and their modification by thermal annealing, alloying and ultrasonic treatment, PhD 
Thesis, (Krasnoyarsk, 2017), pp. 104 (Russ). 

[2] Chilom C.G. et al., International Journal of Biological Macromolecules. 164, 3559-3567 (2020). 



CMSMS 2021 – Book of Abstracts 144 

Shishkhanova K.B. 

The network of entangled surfactant wormlike micelles with the 
embedded halloysite nanotubes 

Shishkhanova K.B., Molchanov V.S., Philippova O.E. 

Lomonosov Moscow State University, Moscow, Russia 
e-mail: kamilotik99@mail.ru 

Ionic surfactants with a relatively long tail are known to be aggregated in long 
cylindrical micelles in the presence of salt in an aqueous medium. Such wormlike micelles 
entangled with each other form a three-dimensional viscoelastic network in the solution. 
The characteristics of these properties, such as the elastic modulus, viscosity, and relaxation 
time, are determined by the shape and length of the micelles and vary depending on the salt 
concentration, surfactant concentration, pH of the medium, and temperature [1,2]. 
Therefore, such micelles are called living polymers. Viscoelastic surfactant solutions are 
widely used in oil production, household chemicals, cosmetics [3]. One of the 
disadvantages of such solutions is the relatively low mechanical properties. There are a 
number of approaches to solve this problem by adding cosurfactants or polymers of 
different architectures [4]. One of the new approaches developed in the literature and in our 
laboratory is the addition of nanoparticles [5]. Nanoparticles can be embedded in a network 
of entangled micelles acting as physical cross-links between the micelles. This interaction 
is possible due to the attachment of the micelles end parts to the surfactant layer on the 
surface of the nanoparticles. Since the number of energetically unprofitable ends in the 
system decreases, this is favorably [5]. In this paper, network of wormlike micelles of 
cationic surfactants in the presence of salt and halloysite nanotubes are investigated [6]. 

Conditions for the formation of linear and branched wormlike micelles by varying the 
concentration of surfactant and salt were determined. The dependencies of the rheological 
properties on the composition of the solution were obtained. The stability conditions of 
suspensions in depend on the charge value of the nanotubes are obtained. It is shown that 
the addition of nanotubes to the network of wormlike micelles leads to an increase of the 
relaxation time, the elastic response region of the system, and the viscosity of the system, 
the value of the last one changing by 2 orders of magnitude under certain conditions. 

Thus, viscoelastic suspensions of surfactant wormlike micelles and nanotubes of 
natural clay of halloysite were prepared and studied. It is found that the addition of 
nanotubes increases the viscosity and relaxation time by orders of magnitude, but weakly 
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affects the elastic modulus of the system. It is shown that the change in properties occurs 
due to the junction of wormlike micelle to nanotubes, and the binding force depends on the 
charge of the nanotube surface. 

The work was supported by the Russian Science Foundation (project 17-13-01535). 

[1] V. S. Molchanov, Yu. A. Shashkina, O. E. Philippova, A. R. Khokhlov. Viscoelastic properties of 
aqueous solutions of anionic surfactant-potassium oleate. Colloid Journal 2005, 67(5), 1-4. 

[2] O. E. Philippova. Wormlike micelles: Advances in systems, characteristics, and applications. Soft 
Matter Series No. 6, Chapter 5. Royal Society of Chemistry, 2017. 

[3] A. Hator, F. Kern, F. Leke. An intricate and Multi-connected Network of Wormlike micelles. 
Langmuir 1993, 9, 933-939. 

[4] V. A. Pletneva, V. S. Molchanov, O. E. Philippova. Effect of polymer on the rheological behavior of 
a solution of cylindrical potassium oleate micelles under heating. Colloid Journal 2010, 72(5), 707-
713. 

[5] O. E. Philippova, V. S. Molchanov. Enhanced rheological properties and performance of viscoelastic 
surfactants with embedded nanoparticles. Current Opinion in Colloid & Interface Science 2019, 43, 
52-62. 

[6] E. Jussain, S. Petit, J. Churchman, B. Teng, D. Rigi, B. Delvaux. Halloysite clay minerals-review. 
Clay minerals 2005, 40(04), 383-426. 



CMSMS 2021 – Book of Abstracts 146 

Skoi V.V. 

Phospholipid phase transition at increased hydrostatic pressure: repeat 
distance and bilayer thickness 

Skoi V.V.1, 2, Islamov A.Kh.1, Utrobin P.K.1, Ivankov O.1,2,3,  

Soloviov D.1,2,3, Gordeliy V.I.2,4,5, Kuklin A.I.1,2 

1 Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia 
2 Moscow Institute of Physics and Technology, Dolgoprudny, Russia 
3 Institute for Safety Problems of Nuclear Power Plants NAS of Ukraine, Kyiv, Ukraine 
4 Institute of Complex Systems: Structural Biochemistry (ICS-6), Research Centre Julich, Germany 
5 Institut de Biologie Structurale Jean-Pierre Ebel, Universite Grenoble Alpes, Grenoble, France 
e-mail: vskoj@yandex.ru 

Despite numerous investigation of the lipid membranes, the main issues of the 
hierarchical organization and morphology of lipid systems with temperature and pressure 
changes remain the subject of wide scientific discussion. The so-called main lipid 
membrane phase transition has features of both the first and the second order transitions. 
Moreover, the effect of anomalous swelling and the corresponding balance of forces (van 
der Waals, Helfrich and entropy) cause scientific debate [1, 2].  

In our work, we consider the influence of hydrostatic pressure and temperature 
variation on unilamellar lipid membranes thickness and multilamellar membranes repeat 
distance. The small angle neutron scattering experiments were carried out at FLNP, JINR 
on the YuMO spectrometer with a two-detector system using the time-of-flight technique 
[3]. The high pressure setup was used in the configuration described in [4]. The SANS 
curves for heavy water dispersion of DMPC unilamellar lipid vesicles under pressure is 
shown in Figure 1.  

The pressure and temperature variation in the corresponding range leads to a change 
in the lipid membrane phase state: with an increase in hydrostatic pressure, lipids pass from 
the liquid phase to the gel phase, and with an increase in temperature, lipid membranes from 
the gel phase pass into the liquid phase. During the transition from the gel phase to the 
liquid phase, the thickness of the lipid bilayer decreases, and the area per lipid molecule 
increases [1, 5]. Experiments carried out under high hydrostatic pressure show that there 
are changes in the thicknesses of the bilayer, the water intermembrane layer and the 
multilamellar membranes repeat distance. 



CMSMS 2021 – Book of Abstracts 147 

 

Figure 1. SANS curves for DMPC 1% wt/wt unilamellar vesicles D2O dispersion under high 
hydrostatic pressure. The transition is observed in range between 1000 and 1100 bars.  
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An experimental setup for high-speed video recording of the dynamics of water 
droplets in the MF in the magnetic field of an annular magnet is described. The experiment 
consisted in the following: the Hele-Shaw cell is filled with MF, an annular magnet is 
brought coaxially to the cell from below with the help of a mechatronic actuator, and a drop 
of non-magnetic liquid MF is captured at a certain distance between the surface of the MF 
and the upper plane of the annular magnet. When the magnet is further lowered, a drop of 
non-magnetic liquid is pressed to the bottom by an inhomogeneous magnetic field, after 
which small drops are separated [1]. Archimedes force on the dynamics of drops. An 
experiment on video recording of the dynamics of the separation of droplets from the water 
volume held in the region of the change in the sign of the magnetic field gradient in a 
magnetic liquid was carried out, on the basis of which the sizes of water droplets for 
different concentrations of the magnetic liquid were determined. The figure shows the 
dependence of the size of small droplets that break away from the main volume of a non-
magnetic liquid on the ordinal number. A theoretical estimate of the balance of forces for 
the separation of a non-magnetic drop in a magnetic liquid is made. 

 

The publication was prepared as part of the implementation of the state task (number 
0851-2020-0035). 

[1] Ryapolov P. A., Polunin V. M., Sokolov E.A. Scientific notes of the Moscow University faculty of 
physics  1, 2011603-2011603 (2020). 
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The relevant task at the moment is the studying new size effects and possibility of their 
practical using in modern alternative energy technologies. The scientific and practical 
interest are the technologies of adsorption air conditioning, which make it possible to 
stabilize the temperature in a room through the thermodynamics of adsorption-desorption 
processes [1,2,3]. The development of laboratory layout of such devices was the goal of 
this work. 

The experimental samples of functional media for a new alternative energy sources 
based on adsorption induced nonequilibrium physical-chemical processes (β-α phase 
structural transformation) in the system of zirconium dioxide nanoparticles was made [4,5] 
(fig. 1). 

 

Fig. 1. Chemoelectronic converter: from the 
adsorbing (b) and waterproofed (c) sides 

surfaces; view from the top (c), where: 1– 
carbon electrodes (located on both sides of the 
converter), 2- working fluid - porous block of 

YSZ - nanopowder; 3- silver-glue contact. 

Atmospheric humidity was used as the adsorbent (energy source) whereas the wide band 
gap ZrO2–based nanoparticles of 7.5 nm - as the absorber. The surface of a nanoparticle / 
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gas formed a functional heterojunction. The source of uncompensated charge carriers was 
the adsorption front, which moved from the open surface (Fig. 1, a) to the waterproofed 
surface of the sample (Fig. 1, b). Measuring cell is shown on Fig. 2.. 

 

Fig. 2. Measuring cell, where: 1 - sample of a 
chemo-electric converter; 2- humid air chamber; 

3- syringe with distilled water; 4– electric 
capacitor 2200mkf x 6V. 

 

Test device with specific surface area of heterojunction SBET = 128 m2/g produced over 
W = 260 mkW/kg power density on the capacitor electrical load of 2200 mkF at relative 
humidity of 90%. The energy that the capacitor stored during the working cycle is sufficient 
for reliable deflection of the staple of an electromechanical microammeter. Thus, obtained 
device indirectly demonstrate the possibility of a new renewable energy source creation.  

 
The study was performed in the scope of the H2020/MSCA/RISE/SSHARE number 

871284 and the RO-JINR Projects within the framework of themes FLNP JINR: 04-4-1143-
2021/2025 and 03-4-1128-2017/2022.  

[1] Andreu Moià-Pol, Beatriz Rosselló, Benito Mas Garcia. Estudio de un Sistema de Climatización 
Radiante con un material higroscópico. Proceedings CYTEF 2016. Coimbra. Portugal.   

[2] Rossello-Batle,  B.,  Moià,  A.,  Ribas,  C.  .Towards  a  nearly  zero-emissions  dwelling  in  Majorca.  
Proceedings EUROSUN 2016. Palma de Mallorca. Spain. doi:10.18086/eurosun.2016.01.0. 

[3] M. Van Belleghem, M. Steeman, A. Janssens, M. De Paepe. Drying behaviour of calcium silicate. 
Construction and Building Materials 65 507–517. 2014 

[4] Aleksandr S DOROSHKEVICH, Andrey I LYUBCHYK, Akhmed K ISLAMOV, and ell. Effect of 
water adsorption energy to electricity conversion  in the YSZ - nanopowder systems // Book of 
abstracts 18th International Balkan Workshop on Applied Physics and Materials Science, 10-13, July, 
2018, Constanta, Romania, P.29-30. 

[5] A.S. Doroshkevich, E.B. Askerov, A.I. lyubchyk, and ell. Direct transformation of the energy of 
adsorption of water molecules in electricity on the surface of zirconia nanoparticles //  Applied 
Nanoscience. 9(8), 1603-1609 DOI 10.1007/s13204-019-00979-6. 
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Ferritin is one of the main iron-containing proteins in the organism. Its main function 
is considered to be iron transport and storage. One protein molecule may contain up to 4500 
ions of this microelement in the form of ferrihydrite [1]. Protein without iron is called 
apoferritin. Concentration of ferritin in the human blood increases with age, which indicates 
the participation of this protein in the aging process of the body [2]. 

Recombinant apoferritins from organisms Helicobacter pylori and Escherichia coli 
were obtained. Proteins include His-Tag for Nickel-NTA and SEC purification. Proteins 
were expressed, purified and studied by small-angle X-ray scattering (SAXS) methods. The 
study of the structural properties by the SAXS method was carried out on the Rigaku [3]. 

Obtained data confirm the structural similarity of apoferritins from different 
organisms. The form factor of apoferritins obtained via SAXS method is in a good 
agreement with the data of high-resolution structures from the Protein Data Bank (PDB) 
library and literature data [4, 5].  

[1] Ford G.C. et al. Ferritin: design and formation of an iron-storage molecule //Philosophical 
Transactions of the Royal Society of London. B, Biological Sciences. 1984. V. 304. №. 1121. P. 551-
565. 

[2] Leggett B.A. et al. Factors affecting the concentrations of ferritin in serum in a healthy Australian 
population //Clinical chemistry. – 1990. – V. 36. – №. 7. – P. 1350-1355. 

[3] Murugova T.N. et al. Low resolution structural studies of apoferritin via SANS and SAXS: the effect 
of concentration //J. Optoelectron. Adv. Mater. 2015. V. 17. №. 9-10. P. 1397-1402. 

[4] Kuklin A.I. et al. Comparative study on low resolution structures of apoferritin via SANS and SAXS 
//Journal of Physics: Conference Series. – IOP Publishing, 2012. V. 351. №. 1. P. 012009. 

[5] Zabelskii D.V. et al. Ambiguities and completeness of SAS data analysis: investigations of apoferritin 
by SAXS/SANS EID and SEC-SAXS methods //Journal of Physics: Conf. Series. 2018. V. 994. P. 
012017-1. 



CMSMS 2021 – Book of Abstracts 152 

Tatarinova A.A. 

Application of the Rutherford Backscattering Method in Powder 
Nanotechnology 

Tatarinova A.A.1, Doroshkevich A.S.1,2, Kulik M.1,3,  

Bǎlǎșoiu M.4, Almasan V.5, Lazar D.5 

1 Joint Institute for Nuclear Research, Dubna, Russia; 
2 Donetsk Institute for Physics and Engineering named after O.O. Galkin, Kiyv, Ukraine;  
3 Institute of Physics, Maria Curie-Skłodowska University, Lublin, Poland; 
4 Horia Hulubei National Institute for R&D in Physics and Nuclear Engineering (IFIN-HH), Bucharest 

Romania; 
5 National Institute for Research and Development of Isotopic and Molecular Technologies Cluj, Napoca, 

Romania 
e-mail: w99_9@yahoo.com 

Rutherford Backscattering Spectrometry (RBS) is an ion scattering technique used for 
compositional thin film that are less than 1μm thick analysis. During an RBS analysis, high-
energy He2+ ions with energies in the region from several hundred kiloelectron-volts to 2 - 
3 MeV are directed onto the sample and the energy distribution and yield of the 
backscattered He2+ ions at a given angle is measured. Since the backscattering cross section 
for each element is known it is possible to obtain a quantitative compositional depth profile 
from the RBS spectrum obtained. 

The capabilities of this method can be significantly expanded. In particular, the method 
can be used in powder nanotechnology to study elemental composition in microscopically 
small objects. 

The application of methods based on Rutherford Backscattering Spectrometry is 
extremely interesting for adsorption energy devices, in particular, these methods can be 
used with maximum efficiency for various chemoelectronic converters. 

A unique opportunity is to study the elemental surface of adsorbates on the surface phase 
separation in functional nanostructured layers. 

For this reason, the preparation of planar-distributed chemoelectronic converters and 
the study of the elemental composition of adsorbates using the Rutherford Backscattering 
Spectrometry technique was the purpose for the investigation. 

The tasks of this study included: development and optimization of the technology for 
producing planar chemoelectronic converters a functional layer in the form of rounded 
drops containing monodisperse nanosized (7.5 μm) particles of a solid solution of the ZrO2 
system - 3 mol% Y2O3 (YSZ) in the PVA polymer matrix, study of the theoretical 
characteristics of the obtained chemoelectronic converters [1], study of the elemental 
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composition of the obtained chemoelectronic converters using Rutherford Backscattering 
Spectrometry. 

The atomic and chemical composition of these layers has been studied using nuclear 
and atomic methods. 

The thickness of the oxide layers was found to be approximately the same for all 
implanted samples. These values were determined on the basis of Rutherford 
Backscattering Spectrometry and nuclear reactions (RBS/NR). 

 
The study was performed in the scope of the Poland-JINR and the RO-JINR Projects 

within the framework of themes FLNP JINR: 04-4-1140-2020/2022, 04-4-1143-2021/2025, 
and 03-4-1128-2017/2022.  

[1] L. Chemical-Electric Energy Conversion Effect in Zirconia Nanopowder Systems A. S. 
Doroshkevich, A. I. Lyubchyk, A. V. Shilo, T. Yu. Zelenyak, V. A. Glazunovae, V. V. Burhovetskiy, 
A. V. Saprykina, Kh. T. Holmurodov, I. K. Nosolev, V. S. Doroshkevich, G. K. Volkova, T. E. 
Konstantinova, V. I. Bodnarchuk, P. P. Gladyshev, V. A. Turchenko, S. A. Sinyakina. (2017).  Journal 
of Surface Investigation: X-ray, Synchrotron and Neutron Techniques Vol. 11, No. 3. - Рp. 523–529. 
DOI: 10.1134/S1027451017030053. 
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The complex magnetic permeability, μ(f, H)=μ′(f, H)-iμ″(f, H), of a kerosene-based 
ferrofluid sample with magnetite particles, in microwave range, from 0.4 GHz to 6 GHz, 
and for various values of polarizing magnetic field H over the range 0 to 102 kA/m, was 
measured [1, 2]. In this frequency range, both the ferromagnetic resonance at a fres frequency 
and the corresponding maximum absorption at a fmax frequency were highlighted, 
frequencies that move to higher values by increasing the H field (Fig. 1) [3]. 

   

a) b) c) 

Figure 1. (a) The plot of the complex permeability of ferrofluid sample as a function of frequency, f and 
at different values of polarizing field, H; (b) dependence of fres(H); (c) dependence of the ratio fmax/fres 

(H) 

Starting from the Landau - Lifshitz equation [4] it can be shown that in a strong 
polarizing field (i.e. H > HA) [3, 5], the resonance condition is written as: 

 ( )Ares HHf += γπ2  (1) 
The gyromagnetic ratio of particle, γ  can be theoretically computed [3] with the 

relation:  

 ( ) 2/12
0 1 αµγγ += eg  (2) 

In equation (2), g is the spectroscopic splitting factor and 1010791.8 ⋅=eγ  s-1T-1, is the 
electronic gyromagnetic ratio [5, 6]. As demonstrated in [3], the damping parameter of the 
Landau–Lifshitz equation, α , in strong polarizing field (H > HA) is given by the relation: 
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From the H dependence of both the fres frequency (Fig. 1 b) and the fmax/fres ratio (Fig. 
1 c), and Eqs (1), (2) and (3), we determined the anisotropy field, HA, the  anisotropy 
constant Keff, of nanoparticles, the gyromagnetic ratio, (γ ), the damping parameter (α ), the 

spectroscopic splitting factor (g) and the internal magnetic viscosity ( mη ). Also, the 

theoretical Neel relaxation time Nτ , based on resonance measurements, was estimated, 

taking into account that the ratio 2)/( >= kTVK meffσ . The obtained values of these 
parameters are listed in Table 1. 

Table 1. The dynamic parameters of nanoparticles from ferrofluid in microwave field 

HA [kA/m] Keff [J/m3] γ [s-1A-

1m] 

α g mη [Nsm-2] σ   Nτ [ns] 

39.04 1.17∙104 2.23∙105 0.114 2.007 1.95∙10-6 2.024 5.07 

From the magnetic permeability measurements, the specific absorption rate (SAR) 
were determined (Fig. 2 a), using a new equation for the calculation of the SAR of 
ferrofluids: 

 ( ) m
F

m
SL

pp
t
TcSAR

ρϕρρϕ
1

1
1

=
+−

=
∆
∆

=  (4) 

where, pm represents the specific magnetic power loss from the ferrofluid [7, 8]; ϕ  is 
the volume fraction of the solid phase. Equation (4) differs from that used by most authors 
who do not take into account the density of the ferrofluid ρF, but only the density of the 
solid particles dispersed ρS [9, 10] The SAR presents a maximum at a value Hmax, which 
moves to higher values by increasing the frequency f, which are found in the range of 
ferromagnetic resonance frequencies (Fig. 2 b).  

As can be observed from Fig. 2 c), for a polarizing magnetic field, H=35.29 kA/m 
corresponding of frequency 3.60 GHz, at an application time of the variable electromagnetic 
field of Δt=300 s, the increase in temperature is, ΔT=6.20 K, while at H=0, for the same 
time duration (300 s), the increase in temperature is only 4.01 K. This result correlates with 
the fact that the specific absorption rate (SAR)  increases from 20.06 W/kg (at H=0) to 
28.50 W/kg (H=35.29 kA/m ), as observed in Fig. 2c).  
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(a) (b) (c) 

Figure 2. (a) The frequency dependence and magnetic field of the SAR of the ferrofluid; (b) The 
polarizing magnetic field dependence of the SAR at different frequency f of microwave field; (c) The 
time dependence of the heating rate tT ∆∆ /  at a constant frequency 3.6 GHz at different values of the 

polarizing magnetic field 

This obtained results provide an opportunity to control the specific absorption rate and 
the increase in temperature ΔT, through the field H, applied of ferrofluid, with applications 
in the cancer treatment by magnetic hyperthermia. Also, knowledge of the magnetic 
parameters of nanoparticles from ferrofluid, is usefull in the design and manufacture of 
some microwave devices. 

[1] P. C. Fannin, J. Mol. Liquids 79 (2004) 87. 
[2] P. C. Fannin, Adv. Chem. Phys 104 (1998) 181. 
[3] P.C. Fannin, C. N. Marin, I. Malaescu, J. Phys.: Condens. Matter 15 (2003) 4739. 
[4] L.D. Landau, E.M. Lifshitz, Phys. Z. Sowjetunion, 8 (1935) 153 (reprinted in Collected Works of 

Landau, Pergamon Press, London, 1965, no. 18). 
[5] P. C. Fannin, T. Relihan, S. W. Charles, J. Phys. D: Appl. Phys., 28 (10), (1995) 2003 
[6] P.C. Fannin, C.N. Marin, C. Couper, J. Magn. Magn. Mater. 323, 10 (2011) 1242-1245 
[7] C. N. Marin, I. Malaescu, P. C. Fannin, J. Therm. Anal. Calorim., 119 (2015) 1199–1203 
[8] R. E. Rosensweig, J. Magn. Magn. Mater., 252 (2002) 370–374 
[9] Dennis, C. L.; Jackson, A. J.; Borchers, J. A.; Ivkov, R.; Foreman, A. R.; Lau, J. W.; Goernitz, E.; 

Gruettner, C. J. Appl. Phys., 103 (2008) 07A319. 
[10]  Ainhoa Urtizberea, Eva Natividad, Ana Arizaga, Miguel Castro, Arturo Mediano, J. Phys. Chem. C, 

114, (2010) 4916–4922 
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The development of effective methods for individual cells or molecules separation is 
the important and perspective task of laboratory diagnostics today. It allows to investigate 
selectively separate components of complex biological samples, reducing nonspecific 
signals from impurities and thereby significantly increasing the sensitivity and specificity 
of the analysis. The use of magnetic nanoparticles for the separation of biological objects 
(molecules, cells) has become widespread due to the ease of use, relative safety in 
combination with the ability to obtain a pure product, and the possibility of automating the 
process. Magnetic separation is one of the most specific and convenient methods. But the 
development of nanoparticles requires special attention to the composition in order to 
combine the beneficial properties of the nanoparticle with its safety for the cell. The aim of 
this study was to synthesize and investigate magnetic nanocomposites of iron oxide for the 
following functionalization for nucleic acids separation. 

The magnetic particles were prepared by coprecipitation from a solution of FeCl3 and 
FeCl2 salts in a molar ratio of 2:1 at room temperature. With constant stirring, an NH4OH 
solution (25%) was injected into the solution of iron salts until pH = 10 was reached. At the 
end of the reaction, the magnetic nanoparticles were collected using a magnet and washed 
several times in distilled water until pH = 7.0. To use nanoparticles in magnetic separation 
of DNA, the surface of the particles was modified with silica using tetraethoxysilane 
(TEOS). The nanoparticles were studied by transmission electron microscopy, IR 
spectroscopy, magnetometry. The studies were carried out on the equipment of the 
Krasnoyarsk Regional Center of Research Equipment of Federal Research Center 
«Krasnoyarsk Science Center SB RAS». 

Figure 1 shows the FTIR spectrum of magnetic nanoparticles coated with silica.  
Analysis of IR spectra showed the presence of Fe-O bonds (~590 cm-1). The peaks of strong 
stretching vibrations of siloxane groups Si-O (~ 1090 cm-1) and silanol groups Si-OH (~ 
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800 and ~ 960 cm-1) prove the formation of a silicon oxide shell on the surface of a 
nanoparticle. The stretching vibration ν-OH forms an intense band in the region of 3200-
3600 cm-1. 

The magnetization curves measured in the range from -15 to 15 kOe are symmetric 
about the origin and contain a reversible part as well as an irreversible part - a hysteresis 
loop (Fig. 2). The coercive force, remanent magnetization, and magnetization in a field of 
15 kOe decrease with increasing temperature. 
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Fig.1. Room-temperature FTIR spectrum of 
Fe3O4@SiO2 

Fig.2. Hysteresis loops 

Isolation of DNA from blood cells with the help of magnetic particles has been carried 
out. A commercial kit containing a silicate sorbent for DNA was used as a control. The 
amount and quality of DNA using magnetic nanoparticles were comparable to the amount 
isolated using a silicate sorbent. 

This work was supported by Russian Foundation for Basic Research, Government of 
Krasnoyarsk Territory, Krasnoyarsk Region Science and Technology Support Fund to the 
research projects No. 20-42-242902 and by the Council of the President of the Russian 
Federation for State Support of Young Scientists and Leading Scientific Schools (project 
no. MK-1263.2020.3). We are grateful to the Center of collective use of FRC KSC SB RAS 
for the provided equipment.  
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Apoferritin is a complex of 24 protomer molecules. The apoferritin protomer has a 
mass of ~ 20 kDa; it forms dimers, which are then assembled into a rhombododecahedron 
with 12 faces and 14 vertices (8 triangular and 6 tetrahedral). The final 24-mer has the shape 
of a spherical shell, the inner cavity of which is intended for storing iron oxide. There are 
eight 3-fold and six 4-fold channels through which iron enters the core. 

In this work, the structure of apoferritin oligomers was studied using SEC-SAXS (size-
exclusion chromatography coupled with small-angle X-ray scattering). The measurements 
were performed on the BM29 beamline, ESRF, Grenoble, France [1]. SEC-SAXS profile 
for apoferritin has two peaks (Fig. 1). Comparison parameters Rg and DMAX with the data 
from [2] shows that peak (A) corresponds to the apoferritin monomers, peak (B) 
corresponds the trimers possibly mixed with monomers and dimers. 

For apoferritin trimers, the mutual arrangement of monomers depends on the position 
of protein-protein contacts. The interconnected centers of mass of monomers in the 
apoferritin trimer form an isosceles triangle. The type of molecular interaction determines 
the values that the vertex angle of this triangle can take. If 4-fold channels are involved in 
the formation of oligomers, then the vertex angle can take three values of 90° and 180°; if 
3-fold channels are involved, values of 70.5° and 109.5° are possible; and if 2-fold channels 
are involved, 60°, 120° and 180° are possible. 

Because the apoferritin monomer has a shape close to spherically symmetric, the ratio 
of the SAXS curve obtained for a mixture of monimers / dimers / trimers to the curve from 
monomers (shown in Figure 2) can be approximated by the following formula: 
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where α2 and α3
j are fractions of dimers and trimers with vertex angles φj, respectively. 

Using coefficients α2 and α3
j and cmon/cmix ratio as fit parameters, the distribution of 

the mixture components was calculated (see Fig. 2). The dominant components of the 
mixture corresponding to the peak (B) are apoferritin monomers and its trimers 
corresponding to an angle of 90°. The fact that the vertex angle in the trimers is 90° indicates 
that 4-fold channels are involved into the formation of oligomers. Comparison of the amino 
acid composition in the region of 3-fold and 4-fold channels shows that the 3-fold channels 
are mainly hydrophilic, and the 4-fold channels are hydrophobic. This result is in good 
agreement with the conclusions of [3], in which it was suggested that the mechanism of 
apoferritin dimerization is associated with a hydrophobic interaction. 

 

Figure 1. SEC-SAXS profile of apoferritin (Left), I(q) and p(r) dependencies (Middle and Right, 
respectively) corresponding to peak fractions (A) (blue curves) and (B) (red curves). 

 

Figure 2. Experimental intensity ratio I(B)(q)/I(A)(q) (orange points) and corresponding fit (blue curve) 
(Left) and histogram of volume fractions of apoferritin monomers, dimers and trimers (Right). 
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1 Research Center for Molecular Mechanisms of Aging and Age-Related Diseases, Moscow Institute of 
Physics and Technology, 141700 Dolgoprudny, Russia 

2 Joint Institute for Nuclear Research, 141980 Dubna, Russia 
3J uStruct: Jülich Center for Structural Biology, Forschungszentrum Jülich, 52425 Jülich, Germany 
4 Institut de Biologie Structurale Jean-Pierre Ebel, Université Grenoble Alpes—Commissariat à l’Energie 

Atomique et aux Energies Alternatives—CNRS, 38044 Grenoble, France. 
 

Lipid cubic phases (LCPs) is a membrane-mimicking system that is useful for 
membrane protein crystallization due to its’ unique properties and close-to-native 
conditions. One of the features of LCPs is 3D infinite periodicity which allows lateral 
diffusion of membrane proteins, thus creating layers of proteins consequently triggering 
3D-crystal growth [1]. 

In this work we studied how the Gaussian curvature K(x,y,z) is distributed along the 
surface of the LCPs with different group symmetries (Im3m, Pn3m, Ia3d) and found that it 
creates areas with low values of K(x,y,z) meaning the low free energy creating by 
membrane curvature. The Gaussian curvature K(x,y,z) equal[2] 

𝐾𝐾(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = �[ 𝑓𝑓𝑧𝑧(𝑓𝑓𝑥𝑥𝑥𝑥𝑓𝑓𝑧𝑧 − 2𝑓𝑓𝑥𝑥𝑓𝑓𝑥𝑥𝑥𝑥)  + 𝑓𝑓𝑥𝑥2𝑓𝑓𝑧𝑧𝑧𝑧] × � 𝑓𝑓𝑧𝑧�𝑓𝑓𝑦𝑦𝑦𝑦𝑓𝑓𝑧𝑧 − 2𝑓𝑓𝑦𝑦𝑓𝑓𝑦𝑦𝑦𝑦�  + 𝑓𝑓𝑦𝑦2𝑓𝑓𝑧𝑧𝑧𝑧�

− � 𝑓𝑓𝑧𝑧�−𝑓𝑓𝑥𝑥𝑓𝑓𝑦𝑦𝑦𝑦 + 𝑓𝑓𝑥𝑥𝑥𝑥𝑓𝑓𝑧𝑧 − 𝑓𝑓𝑥𝑥𝑥𝑥𝑓𝑓𝑦𝑦� + 𝑓𝑓𝑥𝑥𝑓𝑓𝑦𝑦𝑓𝑓𝑧𝑧𝑧𝑧�
2
� / �𝑓𝑓𝑧𝑧2�𝑓𝑓𝑥𝑥2 + 𝑓𝑓𝑦𝑦2 + 𝑓𝑓𝑧𝑧2�

2
� 

where f(x,y,z) is the function describing the shape of LCPs. The distribution of the function 

K on the real surface of LCPs f(x,y,z) = h showed that the areas of minimum values of the 

function K form channels through which the lateral diffusion of membrane proteins is easier 

than in the neighborhood. 

These results help to visualize processes of lateral diffusion of membrane proteins 
inside LCPs, thus, being a basis for quantitative modelling of protein crystal growth during 
in meso crystallization experiments. 

[1] Caffrey, M. Crystallizing membrane proteins for structure-function studies using lipidic mesophases. 
Biochemical Society Transactions, 39(3), 725–732. (2011). 

[2] Alan, S., & Trott, J. R. Design Patterns Explained: A New Perspective on Object-Oriented Design. 
(2004). 



CMSMS 2021 – Book of Abstracts 163 

Vlasova A.D. 

SAS studies of apoferritin-based particles against COVID-19 

Vlasova A.D.1, Vlasov A.V.1,2, Bazhenov S.V.1, Sudarev S.V.1,  

Kuklin A.I.1,2, Gordeliy V.I.1,3,4 

1 Research center for molecular mechanisms of aging and age-related diseases, Moscow Institute of 
Physics and Technology, Dolgoprudny, Russian Federation 

2 Joint Institute for Nuclear Research, Dubna, Russian Federation 
3 Institut de Biologie Structurale Jean-Pierre Ebel, Université Grenoble Alpes – Commissariat à l’Energie 

Atomiqueet aux Energies Alternatives – CNRS, Grenoble, France 
4 JuStruct: Jülich Center for Structural Biology, Forschungszentrum Jülich, 52425 Jülich, Germany 
 

COVID-19 pandemic poses severe threats for humanity. Development of vaccines and 
drugs against SARS-CoV-2 is of the prior necessity nowadays and in the nearest future [1]. 
One of the promising solutions is the development of vaccines against coronaviruses is a 
vaccine based on self-assembling nanoparticles from chimeric structures of viral S-protein 
and apoferritin. These assembled constructs represent the protein coat of apoferritin with S-
protein trimers. The similar approach was shown very efficient for influenza viruses [2] and 
might be efficient for COVID-19. 

In this work we designed chimeric recombinant proteins consisting of apoferritin 
subunit and a part of the S-protein of SARS-CoV-2. These proteins were expressed and 
purified from E.coli cells and the assembly of the particles was checked by small-angle 
scattering method on the instrument Rigaku, MIPT, Dolgoprudny, Russia. The data showed 
the partial assembly of the particles and further construction modifications are needed to 
improve the self-assembly of the whole complex. The reasons that can affect the assembly 
and stability of the particles are discussed. 

[1] P. C. Doherty, “What have we learnt so far from COVID-19?,” Nature Reviews Immunology, vol. 
21, no. 2. Nature Research, pp. 67–68, Feb. 01, 2021, doi: 10.1038/s41577-021-00498-y. 

[2] M. Kanekiyo et al., “Self-assembling influenza nanoparticle vaccines elicit broadly neutralizing 
H1N1 antibodies,” Nature, vol. 499, no. 7456, pp. 102–106, May 2013, doi: 10.1038/nature12202. 
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9 Saint-Petersburg Mining University, St.-Petersburg, Russia 
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e-mail: zakharova.anna.nano@gmail.com 

Adsorption and high surface curvature of nanoparticles significantly affect their 
electronic structure and can lead to new important effects of low-dimensional state [1]. The 
dimensional effects that occur at the contact of hydrated nanopowder YSZ - systems are 
extremely interesting due to their possible application [2]. 

In this work, the contact parameters of hydrated (85% humidity) Yttrium-Stabilized 
Zirconium oxide (YSZ) nanoparticles with the same chemical composition, but different 
size (7.5 and 10nm) were studied by voltammetry (see Table. 1). The nonlinear nature of 
the dependence of their electrical properties on direct current is established: the diode volt-
ampere characteristic (V-I characteristic, Fig.1) is obtained, and the limiting electrical 
parameters are studied (Table 1). The effect can be extremely important for the 
development of semiconductor electronic systems from chemically homogeneous 
materials. 
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Fig.1. The group of VAC 
heterojunctions obtained at 85% 

humidity at the contacts of samples 
of the composition ZrO2 – 0 mol% 
Y2O3,(1), ZrO2 –  3 mol% Y2O3 (2) 

and ZrO2 – 8 mol% Y2O3 (3).  

 Table 1  

Limit electrical parameters of structures depending on the percentage of Y2O3 content. 

 Composition 

 

      Operating parameter 

0 mol% Y2O3 3 mol% Y2O3 8 mol% Y2O3 

 Peak reverse voltage, V -1,8±0,1 -2,5±0,1 -2±0,1 

 Peak reverse current, μА 5±5 70±10 100±10 

 Peak forward voltage, V 6±0,5 >6 6±0,5 

 Peak forward current, μА 5±5 250 5±5 

 
The study was performed in the scope of the H2020/MSCA/RISE/SSHARE number 

871284 and the RO-JINR Projects within the framework of themes FLNP JINR: 04-4-1105-
2011/2022 and 03-4-1128-2017/2022.  

[1] Askarov B., Vokhidova N., Oxengendler B.L. and others // Uzbek Chemical Journal 2016. Т. 1. P. 
32. 

[2] Shilo A.V., Doroshkevich A.S., Saprykina A.V. and others. The surface of ZrO2-based nanopowders 
as a container for energy conservation // Abstract book of the AMMT 16-18 November 2011. - 2011. 
P. 216. 
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The RBS study of thin-films copper oxide on the substrate glass / ITO 
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P-type oxide semiconductors based on copper oxide (I) and (II) (Cu2O and CuO) are 
widely used in modern technologies of photo- and optoelectronics as photoelectric 
converters (PECs), photo-diodes, optoelectronic displays, etc. Both semiconductors have a 
high optical transmittance in the visible and near infrared (the band gap varies from 2 to 2.2 
eV for Cu2O [1, 2] and from 1.2 to 1.9 eV for CuO [1, 3]). 

Optically transparent thin CuO films with p-type conductivity were deposited on pre-
cleaned glass substrates coated with ITO (indium tin oxide film) by the SILAR method 
(Fig. 1) at n. at. in a ratio of 1: 3,3 (CuSO4 × 5H2O + Na2S2O3). 

The optical absorption spectra of thin-film structures show a pronounced absorption 
edge in the region of 320 - 700 nm for CuO, which agrees with the known works [4]. The 
calculated (according to the Planck formula) band gap Eg was 1.64 to 1.98 eV. 

It was found that with a decrease in the thickness of the p-CuO films, the absorption 
value decreases, which is important for practical application. 

The RBS method was used to determine the distribution profile of the layer’s 
composition. The measurements were carried out on the EG-5 accelerators (JINR, FLNP). 
The studies were carried out at the angle of incidence beam of He+ ions (2.0 MeV) α = 30о 
and 60о and the scattering angle θ = 170о. The energy spectrum was obtained (Fig. 1). The 
spectra were processed using the standard SIMNRA 7.02 program. 
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a) 

 

b) 

 

Fig. 1. p-CuO films obtained by the SILAR method (a); experimental RBS spectrum of 
4He + (2.0 MeV) helium ions of a CuO thin film on a glass / ITO substrate (b). 

It was found (Fig. 1b) that the first layer (CuO) has a relatively small thickness and a 
high degree of inhomogeneity. The first and subsequent atomic layers contain insignificant 
concentrations of heavy elements In and Sn. related to the second layer of the ITO 
semiconductor film ((In₂O₃) 0.9 - (SnO₂) 0.1). 

A residual component of the chemical precursor sulfur (S), which can affect the 
physical properties of the structure, was detected by high-precision RBS modeling in the 
composition of the CuO thin-film structure. The issue requires additional study.  

The study was performed in the scope of the Poland- JINR and RO-JINR Projects 
within the framework of themes FLNP JINR 03-4-1128-2017/2022.  

[1] Dahrul M. et al. Preparation and optical properties study of CuO thin film as applied solar cell on 
LAPAN-IPB Satellite //Procedia Environmental Sciences. – 2016. – V. 33. – P. 661-667. 

[2] Yang Y. et al. Cu2O/CuO bilayered composite as a high-efficiency photocathode for 
photoelectrochemical hydrogen evolution reaction //Scientific reports. – 2016. – V. 6. – P. 35158. 

[3] Ito T. et al. Single-crystal growth and characterization of Cu2O and CuO //Journal of materials 
science. – 1998. – V. 33. – №. 14. – P. 3555-3566. 

[4] Matyushkin L.B. et al. Morphology, optical and adsorption properties of copper oxide layers 
deposited from solutions of complex compounds // Physics and technology of semiconductors. – 
2017. – V. 51. – №. 5. – P. 615-619  (Матюшкин Л. Б. и др. Морфология, оптические и 
адсорбционные свойства слоев оксидов меди, осажденных из растворов комплексных 
соединений //Физика и техника полупроводников. – 2017. – Т. 51. – №. 5. – С. 615-619). 
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