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ABSTRACT

Slyusarchuk A. Mathematical modelling of a self-assembly in disor-

dered systems of nanoparticles. – On the rights of manuscript.

The dissertation for earning PhD in technical sciences (Kandidat of technical

sciences), specialty 01.05.02 – mathematical modeling and computational meth-

ods. – Lviv Polytechnic National University, Ministry of Education and Science of

Ukraine, Lviv, 2021.

This work is dedicated to mathematical modelling of self-assembly of gold

nanoparticles, decorated with liquid crystalline and photosensitive groups, into or-

dered morphologies depending on their molecular architecture details and impact of

external fields.

Nanoparticles have unique properties, which are no inherent for the matter on

neither micro or macro scales. These include: surface plasmon resonance, gigantic

(reinforced by the surface) Raman scattering, high catalytic and chemical activity.

Due to the Raman scattering phenomenon, nanoparticles reflect light with an in-

tensivity one order of magnitude higher as compared to other dyes, where light’s

wavelength is defined by the shape, size and chemical nature of nanoparticles. Tra-

ditionally, nanoparticles were used as glass dyes, but today they have found their

applications in many areas, such as: components of flexible nanoconductors (for ex.

as bio LED lights); medicine contrast agents; targeted drugs delivery or photother-

mal therapy; destruction of cancer cells or multiresistent strains of microorganisms

without any harmful impact on healthy cells, when combined with specific antibod-

ies. One of the main technological applications of functionalized gold nanoparticles

(FNP) is heterogeneous catalysis. Gold gas been always considered as chemically

inert material, until high catalytical activity of its particles of nanoscale was discov-

ered. In some cases, availability of gold FNP leads to essential changes of reaction

temperature, comparing with existing processes. Heterogeneous catalysis is based

on adsorption of reagents on catalitically active surface of gold FNP, formation of

chemical bond between them and further chemical adsorption. Therefore, it’s e�-
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ciency depends on a number of factors, such as available FNP surface, di↵usion of

reagents, the end product of the reaction, etc.

Self-assembly of nanoparticles, decorated with polymer ligands form liquid

crystaline (LC) morphologies, some of these characterized by unique electronic and

opto-electronic properties. Some of such morphologies are predicted in this study.

For instance, because of a quasi-one-dimensional migration of energy and charge

in columnar discotic morphologies, they are used as the one-dimensional conduc-

tors, photoconductors, LEDs, solar batteries, thin-film transistors, gas sensors, etc.

Unlike calamitic nematic LC, where FNP can be dissolved and stabilized, discotic

morphologies form the dispersions that leads to delamination. This e↵ect has an

important practical value, because it increases conductivity of columnar morphology.

The main method used in the thesis is the molecular dynamics method adapted

for macromolecular systems. It is a numerical solution of Newton’s equations of mo-

tion using the finite di↵erence method. In addition to that, we developed some spe-

cialized tools for the analysis of a structure of ordered morphologies. FNP modeling

is complicated by the fact that their response to external factors, self- and reorgani-

zation into characteristic ordered structures occur on a scale ranging from hundreds

of nanometers to micrometers, from hundreds of nanoseconds to several days (e.g.

in the case of amorphous morphologies). In some cases, it is possible to model such

systems at the atomic level, but in most cases (for, e.g., supramolecular aggregation

and micellar formation), we need the development of so-called mesoscopic models

with e↵ective interaction potentials. This method makes it possible to reach the re-

quired length and time scales. Mesoscopic interaction potentials are obtained from

atomic potentials by coarsening them using a number of methods. Besides saving

computer resources, such models allow both to focus attention on interactions that

are relevant to a particular phenomenon or e↵ect (which is important for analyzing

the underlying mechanisms of phenomenon) and to scan the phase space with rel-

atively low computational cost. In the case of mesoscopic modeling, the following

FNP components are distinguished: a core, flexible ligand chains (spacers) and end

functional groups. Each of these elements is represented via an object of a simple
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geometric shape (sphere, spherocylinder, etc.) that interacts with other elements by

mesoscopic parameterized potentials. The peculiarities of the forms of these poten-

tials are determined by the chemical nature of those atomic groups, which include

and display such features as solvophobicity/solvophilicity, flexibility (for chains of

ligands), liquid crystallinity, ability to react on the external field (magnetic field,

irradiation, etc.). These potentials are adapted to the specific cases of FNP. A wide

range of FNP models is described, which di↵er in the spatial distribution of ligands

on the surface of bead, by the type of attachment for the terminal groups of a ligand

and by the form of interaction potentials.

We’ve predicted the possibility of formation of two new morphologies: uColh

and wColh for FNP with lateral attachment of mesogens. The first one, which has

uniaxial symmetry both in FNP layering and in mesogens orientation, is obtained

via the self-assembly under external orienting field, is found to be stable within a

certain temperature interval after the field is switched o↵. The latter has an im-

portant property: while the orientation order of the mesogens is lost, the hexagonal

columnar structure still remains intact. Transition from uColh to wColh is gradual,

and the cubic morphology is observed upon further heating of the system. Both

morphologies, uColh and wColh, di↵er in LC properties from their analogues for

FNP with terminal attachment of mesogens. To explain the formation of the uColh

morphology, let us consider the di↵erence between the reorientation mechanisms of

mesogens in the case of their terminal and lateral attachment. Since we assume that

mesogen attachment points do not slip on their surface, then mesogen can change

its orientation only by bending the bond. As a result, an “energy penalty” arises

because of the pseudo-angular potential term that is introduced for the rigidity of

the meso-level alkyl groups. In the case of lateral attachment of mesogens, the mech-

anism of chain bend is the same. However, there is another mechanism for rotating

the mesogene around the bond that binds it to the end oligomer of the chain. This

rotation is energy-e�cient, because both the length of bond between the mesogen

and the last oligomer and the angle between the mesogen’s orientation and the same

bond remain unchanged. As a result, the rotational motion of the mesogens at the
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locations of their high concentration is more separated from the elastic energy of the

chains in the case of lateral attachment of the mesogens compared to the terminal

attachment. This is most likely a major factor in the rapid decline of the nematic

order parameter with increasing temperature.

The use of chromophores can lead to the interesting e↵ects of reverse FNP self-

assembly when alternately irradiated with light with an appropriate wavelength and

intensity. An important point of such e↵ects is that when FNP are functionalized

by chromophores, there may be a correlation between electronic metal nanoparticle

systems and chromophores, which can weaken or even completely block the pho-

toisomerization of chromophores. In this paper, the mechanism of the influence of

irradiation on the process of nanoparticles self-assembly, containing photosensitive

azobenzene groups is first studied, and the possibility of acceleration of monodomain

smectic morphology formation under the unpolarized light is shown. The transition

from isotropic to smectic morphology (I-SmA) is, on average, 3�4 times faster than

in the case of non-irradiation.

Also, we were the first who reviewed the behavior of decorated nanoparticles in

the pore with modified walls. It is shown that by imposing repetitive cycles of pulsed

ultraviolet and visible (UV-VIS) irradiation, applying summary characteristics and

studying their evolution, the highest probability of forming a percolation cluster

exists at Nmol = 20 � 40, while for low density Nmol =< 20, it is low due to the

competition of the cluster with adsorption of the nanoparticles on the walls, and

at Nmol => 40, the network formation competes with the e↵ect of microphase

delamination of the nanoparticles and their self-assembly in the ordered ordered

morphologies.

The process of gel formation in a solution of functionalized nanoparticles dec-

orated with ligands containing liquid crystal groups was investigated. The influence

of the type of spatial distribution of FNP ligands on the properties of the gel was

found, keeping the density of the grafting of the ligands the same in all cases. Of

the six selected types of spatial distribution of FNP ligands labeled as ROD, TRI,

QTR, DSC, AXI, and HDG, only three: TRI, DSC, and AXI are able to form a
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homogeneous wall-to-wall percolation network under the conditions and dimensions

specified by us. However, the value of average vertex rank K, clustering coe�cient

C, and the e↵ective elastic constant E of the wall-to-wall type for the gels, formed in

these cases, di↵er as they evolve into the gel state and depend on the concentration

of the solution.

For FNP with HDG spatial distribution type of ligands, the process of their

adsorption on a functional surface, which consists of polymer molecules with LC

groups, so called polymer brushes, attached at fixed points of the lower pore surface,

was investigated. By analyzing FNP density profiles along the Z axis with di↵erent

number of brush molecules NB, cumulative FNP density at di↵erent values of NB

and Lz (e↵ective brush height), and short-term FNP dynamics by estimating the

mean square displacements of the FNP core beads at di↵erent time intervals �t, it

was found that among the selected set of values NB (NB = 0, NB = 4, NB = 9,

NB = 16, NB = 25 and NB = 36), the value of NB = 16 is the most optimal for

e↵ective FNP adsorption on the brush.

Keywords : nanoparticles, self-assembly, mathematical modeling, molecular

dynamics, ordered morphologies, lateral joining, irradiation, chromophores, azoben-

zene, percolation cluster, gelation.
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ā

ā
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Êi

CN

CS

T = 400 � 500 CN ! 0 CS ! 1

200

T > 520

CN ! 1 CS ! 0 200

T = 500 � 520

I

0.37 4.5 /

NPxPyPzT

I

T = 520

T = 520 T = 490

T = 400



 0

 0.2

 0.4

 0.6

 400  430  460  490

A(T)

0.37 K/ns
0.75 K/ns
1.12 K/ns
4.50 K/ns

 0

 0.2

 0.4

 0.6

 0.8

 1

 400  430  460  490

 SN(T)

 0

 0.2

 0.4

 0.6

 0.8

 1

 400  430  460  490

SS(T)

 0

 0.2

 0.4

 0.6

 0.8

 1

 400  430  460  490

 CN(T)

 0

 0.2

 0.4

 0.6

 0.8

 1

 400  430  460  490

 CS(T)

490 490 400
A(T )

A SN SS CN CS



490 400
4.5 /

0.37 / A

CN CS SN

SS

1.12 /

CN ⇠ 0.2

40

CS ⇠ 0.6

120 40

CN CS

CS

490 470

53 26 18 4.5

0.37 / 0.75 / 1.12 / 4.5 /



490 480 470 CS

⇡ 1 5 40 60

50 53

470 � 490 0.37 /

470 � 490

350�500

30

1�8 1

1� 8 {tk}
�t = tk � tk�1 = 0.2

d(tk) =
1

6 �t

⌦⇥
R(tk)�R(tk�1)

⇤2↵
,

r(tk) =
1

2 �t

⌦⇥
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linking / Päivi Ahonen, Timo Laaksonen, Antti Nykänen et al. // The Journal

of Physical Chemistry B . 2006. jul. Vol. 110, no. 26. P. 12954–12958. Access

mode: http://dx.doi.org/10.1021/jp0604692.

140. Petrova T., Toshchevikov V., Saphiannikova M. Light-induced deformation of

polymer networks containing azobenzene chromophores and liquid crystalline

mesogens // Soft Matter . 2015. Vol. 11, no. 17. P. 3412–3423. Access mode:

http://dx.doi.org/10.1039/C5SM00019J.

141. Mechau N., Saphiannikova M., Neher D. Dielectric and mechanical proper-

ties of azobenzene polymer layers under visible and ultraviolet irradiation //

Macromolecules. 2005. may. Vol. 38, no. 9. P. 3894–3902.

142. End-on and side-on nematic liquid crystal dendrimers / Laura Pastor,
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Dear members of PhD Qualification Board,

It is a pleasure for me to share my opinion about the scientific results comprising the doctoralthesis
of Mr. Arsen Slyusarchuk on mathematicalmodelling of self-assembly in the systems of functionalized
particles. The results of the thesis have been disseminated in a scientific community via five papers
published in high-ranking journals. Two papers, in Macromolecules and Mathematical modeling and
computing, were written in a close collaboration with me. This joint research was devoted to
development of an appropriate coarse-grained modelihg for nanoparticles decorated by azobenzene-
containing chromophores. Such modeling allowed to study photo-controllable self-assembly and
percolation of decorated particles and provided essential technical prerequisites for a number of
follower studies, both at the Lviv Polytechnic National Universitv and Leibniz-lnstitut frir
Polymerforschung (lPF).

In particular, Mr. Arsen Slyusarchuk worked out pairwise interaction potentials between mesogenic
trans- and non-mesogenic cis-isomers of azobenzene chromophores. These potentials were utilized in
our recent research on modeling photo-induced stress in azobenzene polymers. The shape and
orientation of decorated particles were studied by mapping them on equivalent ellipsoids with the
help of the gyration tensors, whereby the main eigenvector points along the long axis of particle. This
very idea not only helped to study the global orientational order in a system of decorated nanoparticles
but also was successfully applied to investigate the structural properties of columnar clusters built
from azobenzene stars in our research group.

So far a number of ideas and their technical implementations, elaborated in the doctoralthesis of Mr.
Arsen Slyusarchuk, showed themselves as practically very useful at the IPF for a variety of light-
controllable systems based on azobenzene chromophores. Therefore, lgladly recommend the doctoral
thesis of of Mr. Arsen Slyusarchuk as a qualification study to obtain the PhD degree.

Dresden, 09th October 2020
' r i'dtr
- - , I l-rli

PD Dr. Marina Grenzer (Saphiannikova)
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Kna,riQirauift nifi pa4i naH4rararie HayK,

HaqionanrHoro Ynieep cr4Tery <JIrs iBcbKa llorirexsira>

,{opori qJreHr4 KnaniQir<auifinoi pa4r4 xanAzAariB HayK,

3 npuerranicuo Ainrocq cBoero AyMKoro uoAo HayKoBr4x pesymrarin rau4u4arcrroi
4zcepraqii ApceHa CnrocapuyKa crocoBHo MareMarr4rrHofo MoAeJTrcBaHHfl caMooprauisaqii
B crrcreMax QynKrlioHarisosaHr4x rracrr4nox. Pesyrrbrarvr po6orz 6ytu nouzpeui cepeA
HayKoBoro cuinroeapLrcrBa 3a AorroMoroto r'fl'tkr cruteit, ony6nir<oranvrx y xypHanax 3

Br4coKLtM pefirnnrou. lni po6orr4 B )KypHarax Macromolecules ra Mathematical modeling
and computing, y ricHifi cnirnpaqi si N,rHorc. Cnimse 4ocri4xeHHr rrplrcBrqeHo po3BurKy
HaJrexHoro orpy6neHoro MoAeJrroBaHHfl HaHorracrvHoK, AeKopoBaHux aso6eu3eHoBr4Mr4
xpolroSopauv. Tare MoAemoBaHHr Ao3BoJrrrJro BvrB-uvrrvr SororonrpoJrboBaHy
caMoopraHisaqirc Ta rrepKoJr.suirc AeKopoBaHr4x qacrr4HoK Ta npeAcraBr4Jro BaxJrr4Bi rexHi.{Hi
lepeAyMoBLr 4rrr,6ararrox uafi6yrnix AocriANenb, -rK An.s HarlioHuurbHoro yninepcr,rrery
<<JlrsiBcbKa nolirexuiro>, rar i Ar.s Incruryry llorinrepnwx 4ocnip(eHb Jleft6niua.

3orpeua, Apcen Cmocapuyr< pospo6ur noreuqiaJrr4 napHoi n:aeuo4ii vriN Me3oreHHr,rMr4
trans- Ta HeMe3ofeHHr4Mr4 cis-isouepaNt[ a.so6eH3eHoBl4x xpol,roQopin. IJi uoreuqiaru 6yno
Br4Kopr4craHo B HaruoMy HerrIoAaBHboMy 4ocri4Nenni uo4e,rroBaHHr Qoroin4yrcoBaHr4x
sN{iH e aso6enseHoBr{x norivrepax. Bus-reHHr Qoplru ra opieuraqii 4eropoBanvrxqacrr4HoK
ni46ynanocr rrrJrrxoM ix npe4craBJreHHr y nurrrgi eKsieaneHrnux erincoigie:a
AorroMororo reHsopin ripaqii, Ae ocHoBHvrir sracnvrfi nerrop BKa3yBaB ua 4onry nicr
qacrr4HKr4. Caua ile.s AonoMoura He Jrr4rrre BLrBrrvrrv saramHltfi [oprAoK s cr4creN{i
AeKopoBaHr4x HaHoqacrr4HoK, ate fi.6yna ycniurHo 3acrocoBaHa Harrroro AocriAsrrubKoro
rpynorc .4r.q AocriA)KeHrur crpyKTypHr,rx BJracrueocrefi croBrrqacrr4x KJracrepin, yreopeHr{x
s a3o6eHsenin y Qopnri sipor.



TarIIvr quHoM, rilrricG i4efi, pospo6lenux y AoKropcsrifi Aucepmuii Apcena

cnrocapuyKa, Ta ix rexniqne BrrpoBaAlKeH'.f,, Bvr'Br4rrr4cb rrpa(Tr{qHo KoprrcHurr^a rnq III@

3aBArKU pisuonranirHl4lul csirloperyJlboBaHuM cI'IcTeMaM na ocuosi aso6eHgeHoBI4X

xpovroQopin. Toruy, f, paAo peKoMeHAyIo KaHAI4AarcbKy 4ucepraqiro Apcena Cnrocapvyra

rr rsaliQiraqifine AocliAxenlfl.IDs.s,qo6yrrr BtleHoro QryIIeHt KaHAI4AaTa HayK'
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Universitdt Potsdam . Karl-Liebknecht-Str.24-25
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Experimentalphysik
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14476 Potsdam-Golm
Prof. Dr. Svetlana Santer
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Datum: 02.10.2020

Examiner's statement concerning M. Sc. Arsen Slyusarchuk ph.D. thesis:

Dear doctoral program committee,

In the following I would like to give my pre-examination statement concerning the
qualifications of the following dissertation manuscript: "Mathematical modelling of self-
assembly in the systems of functionalized nanoparticles".

In this thesis Arsen describe mathematically self-assembly of gold nanoparticles, the surface of
which is treated with functional small groups such as liquid crystalline and photosensitive
chromophores. He describes ordered morphologies of such particles and how it depends on the
properties and isomerization state of the coating. Out of the results obtained within the thesis,
Arsen compiled 5 papers published in high ranking international materials chemistry and
physics journals such as Condensed Matter Physics, Mathematical modeling and computing,
Soft Matter and Macromolecules, underlining the excellence of the results of this thesis.

I consider his results very important in understanding of inter-particle interactions and how one
can trigger them in order to produce functional devices. In my group we are working
experimentally on similar systems, namely we use photo-sensitive azobenzene containing
surfactants in order to dynamically change the ensemble of colloidal particles by light and thus



alter their self-assembly on demand. Therefore, the results obtained within the thesis are very

interesting for us and inspire our way of thinking about this process.

Potsdam. 02.10.2020

Prof. Dr. Svetlana Santer
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