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Abstrakt

Tato diplomova prace se vénuje studiu pocitacovych simulaci interakci blokovych
amfifilnich kopolymernich dendrimert v roztocich pomoci ¢asticové disipativni dy-
namiky (DPD). Nejvétsi pozornost je vénovéana solubilizaci nizkomolekularnich latek
do solvofobni ¢asti dendrimeru. Studované dendrimery maji dvé vnitini solvo-
fobni patra a jedno nebo dvé vné&jsi solvofilni patra. Solubilizovanou latkou je bud
solvofobni monomer, nebo tetramer.

Uvodni ¢ast prace obsahuje zakladni informace o dendrimerech a popis simulaéni
metody véetné pouzitych velic¢in.

Druhéa ¢ast prace je vénovana vysledkim simulaci solubilizace nizkomolekularni
solvofobni latky do kopolymerniho dendrimeru. Jsou v ni diskutoviany a analy-
zjisténo, ze pro solubilizaci dostatec¢né velkého mnozstvi nizkomolekularni latky je
nezbytné, aby byla solvofobni latka do dendrimerniho jadra »pfitahovana«, tj. aby
se rozpoustéla prednostné v jadie dendrimeru. Solubilizace nizkomolekularni latky
byla studovana v zavislosti na sile pfitazlivé interakce a koncentraci monomeru,
respektive tetrameru, a v zavislosti na architektuie a slozeni kopolymerniho den-
drimeru

Zavérem lze Tici, Ze nejslibnéjsi systémy pro aplikaci jsou ty s relativné dlouhym
linedrnim tisekem mezi vétvicimi body a dostate¢nym mnozstvim dostateéné dlouhych
vnéjsich solvofilnich pater. Vhodné jsou solvofobni latky, které jsou v dendrimernim
jadie velmi dobfe rozpustné. Taktéz pouziti oligomernich fetézci ma priznivy vliv

na jejich solubilizaci.

Klic¢ova slova: Disipativni ¢asticova dynamika, poc¢ita¢ové simulace, amfifilni, kopoly-

mery, dendrimery, selektivni rozpoustédlo, solubilizace, konformacni chovani



Abstract

The presented diploma thesis is devoted to computer simulations of the interactions
of amphiphilic copolymer dendrimers in diluted solutions by means of the dissipative
particle dynamics. We focus mainly on the solubilization of low molar compounds
in the solvophobic part of dendrimer in selective solvents. Studied copolymer den-
drimers have two inner solvophobic generations and one or two outer solvophilic
generations. The solubilized compounds are solvophopic monomer and tetramers.

In the first part of the diploma thesis, fundamental information about dendrimers
is presented and the principles of the applied simulation methods are explained
together with the definition of used quantities.

The second part is devoted to the study of solvophobic low molar compound
solubilization in the copolymer dendrimer. The most important trends concerning
the size and inner structure of aggregates are analysed and discussed. We have
found that the preferential attraction between solvophobic compound and solvopho-
bic dendrimer core is essential for a sufficient solubilization. The solubilization of
low molar compound was studied as function of the attractive interaction and con-
centration of monomers, resp. tetramers, and the copolymer dendrimer architecture
and composition.

We conclude that the most prospective systems from the application point of view
are dendrimers with relatively long spacer and large enough outer solvophilic shell.
The solvophobic compounds with the attraction to the dendrimer core are more
proper than the compounds without the attraction. Simultaneously the oligomer

chains promote the solubilization.

Keywords: Dissipative particle dynamics, computer simulations, amphiphilic, copoly-

mers, dendrimers, selective solvent, solubilization, conformational behavior



List of symbols and abbreviations

a repulsion parameter

A, aggregation number

A; pre-exponential factor for autocorrelation function
c total bead concentration

Co reference concentration

f connectivity of the branching point

fo connectivity of the central core

F.(4,) number distribution function of aggregation numbers
F,(Ay) weight distribution function of aggregation numbers
F;- force acting on a particle

FS conservative force

ﬁi? dissipative force

Fl random force

qfl . spring force between adjacent particles

g number of dendrimer generations

kp Boltzmann’s constant

ks spring constant

L simulation box edge length

m; mass of ith particle

ma, mass of an aggregate with aggregation number A,
n number density of molecules

N number of particles in system

N(A,) number of associates consisting of A, monomers
N(r) number of beads in spherical layer

N number of beads in polymer chain

D pressure

r radius of spherical layer

70 equilibrium distance

Te cutoff radius

Tij distance between ith and jth particle



st

position vector of the ith particle
vector connecting ith and jth particle
unit vector in the direction 77;
position vector of the center of mass

gyration radius

gyration radius of the solvophobic part of dendrimer

length of spacer

time

temperature

velocity vector of the ith particle
relative velocity between ¢th and jth particle
volume of the system

volume of spherical layer

weight function for dissipative force
weight function for random force
arbitrary quantity

empiric constant of the equation of state
drag coefficient

excess repulsion

time step interval

time step

random variable with Gaussian distribution
compressibility

particle number density

radial number density of beads

noise amplitude

autocorrelation time

Flory-Huggins parameter



ACF autocorrelation function

Ay solvophobic dendrimer beads

A, solvophilic dendrimer beads

B beads of solvophobic monomer, resp. tetramer
DPD dissipative particle dynamics

MD molecular dynamics

S beads of solvent

10



1 Introduction

Polymers play important role in human life. The naturally occurring polymers
have been used by humankind for ages without realizing that these substances are
macromolecules. At the beginning of the 20th century, the scientists proposed the
hypothesis that polymers are large molecules formed of a high number of covalently
bonded units, called the monomer units (derived from monomers; the monomer unit
is not always identical with the repeating unit, which represent the shortest repeating
part of the chain). Shortly afterwards, the first attempts to synthesize polymers were
successfully accomplished, their covalent structure was unambiguously proven and
since then various advanced synthetic (polymerization) have been developed and
optimized.

Nowadays, the polymers can be found in all spheres of activities of the human
society — typical synthetic polymer products span form everyday consumables (plas-
tic bags, containers, clothes, parts of various tools, etc.) to the most advanced
technologies and nanotechnologies in medicine or optoelectronic. Besides synthetic
polymers produced in tons in chemical plants all over the world, the biopolymers
are omnipresent biologically important building materials of plants, and vital con-
stituents of animal and human bodies (proteins, polysaccharides, nucleic acids, etc.).

Polymer is a large molecule consisting of one or several types of repeating units
that are connected to each other in long linear sequences by covalent bonds and form
macromolecules of various architectures (e.g., linear, branched, crosslinked, etc. see
Fig. 1.1). The chemical and physical properties of polymers depend on the nature of
building units, type and strength of interconnecting bonds, composition, molecular
weight (degree of polymerization) and on the chain architecture, i.e., on the way
how the units are connected to each other.

Depending on the chemical composition, the polymers can be divided into two ba-
sic classes: (i) homopolymers, composed of one type of building unit and (ii) copoly-
mers, which contain two or more monomer units. The interconnection of bifunc-
tional monomers or monomers with one reactive double bond leads to liner chains,
while the copolymerization with a low fraction of multifunctional species results
in branched or crosslinked polymers. Various tailored structures (hyperbranched,

star-like, comb-like or polymer dendrimes, etc.) can also be prepared by advanced
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targeted polymerization techniques. [1]
(a) CEO80e0e08080e0e / /}\{
(b) eeeeeeee0c00c00000
(JFe_ e ¢ _oe oo o %

Figure 1.1: Examples of different copolymer types: (a) alternating, (b) block, (¢) sta-
tistical (or random), (d) graft copolymer; and the different polymer architecture:

(e) linear, (f) H-branched, (g) star-branched, (h) dendritic polymer chain.

This diploma thesis concerns the computer study of the behavior of polymer den-
drimers and their interaction with other molecules in dilute solutions. At present,
computer simulations play very important role in macromolecular science. They
facilitate the interpretation of experimental results, reveal detailed pieces of infor-
mation which are often inaccessible to experimental studies, predict new phenomena
and their results can be used for optimization of experimental studies.

Computer simulations can be also used as pseudo-experimental methods for test-
ing predictions of analytical theories, which in addition to somewhat simplified de-
scription of interactions often employ other simplifying assumptions and various
mathematical approximations. If the forces are described by the same formulas in
both types of methods, the differences between theoretical predictions and simula-
tions results quantify the effect of simplifications used in the theoretical treatment.

Accurate computer simulations of complex systems are very time- and computer
memory-demanding and require the use of very powerful computers. Thanks to re-
cent advances in computer technology, relatively large and complex system can be
reliably studied by simulations, but the study of polymer systems on the atomistic
level (when the interactions between all individual atoms are taken into account)

exceeds the capabilities of the most powerful up-to-date supercomputers and is abso-
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lutely impossible. The fine coarse-grained methods (where the interaction between
monomer units is approximately described by, e.g., the Lennard-Jones potentials and
the chains are represented by the “bead-spring” models) can be efficiently used in
studies of single chains (usually in implicit solvent). The investigation of properties
of polymer and polyelectrolyte solutions and studies of polymer self-assembly usu-
ally require the use of rough coarse-grained methods, such as the dissipative particle
dynamics (DPD). This method has been employed in the thesis for studying the
interaction of amphiphilic polymer dendrimers with other molecules (solvophobic
monomers and oligomers) and its principle and obtained results will be described

and discussed in next parts of the thesis. [2, 3]
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2 Aims of the thesis

The DPD simulations, presented in this thesis, are aimed at the enhancement of sol-
ubility of solvophobic compounds based on their interaction of with amphiphilic
dendrimers. They should contribute to the understanding of solubilization of low
molar mass compounds and oligomers in copolymer dendrimers and elucidate how
the solubilization capacity depends on the interaction parameters, composition and

architecture of dendrimers.
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3 Dendrimers

This work deals with one subclass of hyperbranched polymers - dendrimers. The
term dendrimer derives from the two ancient Greek words dendra = tree and
meros = part. These highly branched monodisperse macromolecules (the monodis-
persity can be verified by experimental methods such as high performance liquid
chromatography or size exlusion chromatography) exhibit regular globular structure
in nanometre size with large number of peripheral groups. Properties of dendrimers
(e.g., solubility, viscosity, diffusivity) differ significantly from those of linear poly-
mers of a similar molecular weight. Dendrimers are application-attractive species
due to their specific and unique features. They are promising candidates for addi-
tives, chemical catalysts, stimuli sensitive molecules, macromolecular building blocks
or nanocontainers etc. [4, 5, 6, 7|

Dendrimers are characterized by the number of generation, g, which refers to the
number of linear parts between central core and arbitrary free end, the number of
monomers in the chain between two branching points called spacer, s, connectivity

of the central core and the branching points, fo and f, as is shown in Fig. 3.1. [5]

branching points

central core

\spacer

T

generations

Figure 3.1: Schematic representation of the three-generations-dendrimer with

fe=[f=3

The branched (dendritic) architecture is one of the most often observed topology
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in the biological systems — it can be found from the meter scale (e.g., tree branching,
roots) to micrometer scale (e.g., neurons). Also other types of polymers show this

architecture. Some examples are depicted in Fig. 3.2. [6]

Riei e e e
PSS

(a (b) (c)

)
(d) (e) (f)
Figure 3.2: Examples of dendritic architecture: (a) linear dendritic hybrid, (b) den-

drimer, (c¢) dendronized (or dendrigrafted), (d) hyperbranched, (e) multiarm star,
(f) hypergrafted polymer.

3.1 Dendrimers as nanoscale containers

Dendrimers are, because of their architecture and properties, attractive for a num-
ber of different applications including drug delivery. They may encapsulate drugs
in their hydrophobic dendrimer interior, which is well-suited for the guest-host in-
teraction, while the hydrophilic exterior secures their solubility. This effect can be
used in pharmacy, because most of drugs are hydrophobic and poorly soluble. The
encapsulation can be influenced by many factors, e.g., dendrimer generation size,
concentration, pH of solution, etc.

Furthermore dendrimers show topologies and behavior reminiscent of polymer

micelles. Dendrimers with apolar core and polar shell create unimolecular micelles,
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thus, in contrast with polymer micelles, it isn’t necessary to reach critical micelle

concentration. [8, 9, 10]

3.2 Conformational behavior of polymer dendrimers

Polymer dendrimer configuration is determined by the balance between the repul-
sive excluded volume interaction, the repulsive solvophobic or attractive solvophilic
interactions with solvent and the entropic penalty due to the spacers conformation
(usually expansion due to the excluded volume interaction).

Several simulation methods (mean-field [12, 13|, Monte Carlo |14, 15|, molecular
dynamics [16] and also scaling approach [17]) proved that the density of neutral
homopolymer dendrimer is greatest at the core of polymer dendrimer. The density
profile dependence on the radial distance from the core has the same shape at all
solvent conditions: small local minimum between the central maximum and the
plateau region and the relatively slow decrease at the periphery of the dendrimer.
Simultaneously it was showed that the terminal groups are not fixed on the surface
of a dendrimer, but are distributed through the whole dendrimer volume.

Further, the segregation of individual branches (dendrons) was proved for homo-
geneous dendrimers |[18] as well as for so called codendrimers that are formed from
chemically different dendrons. [20]

It follows from the segment densities that the amphiphilic copolymer dendrimers
are more promising from the application point of view, as the typical applications of
polymer dendrimers assume a space inside the core, which can be used for selective
solubilization of solvophobic compounds from the solution in the dendrimer core.

The computer simulations are very useful tool for preliminary evaluation of
copolymer dendrimer structures. The internal structure of copolymer dendrimer
can be controlled, e.g., by the use of amphiphilic copolymers with the inner and
outer generations differing in the length and the flexibility of spacers or in the in-
teraction parameters or by the use of stimuli responsive polyelectrolytes. |21, 22|

The internal structure of copolymer dendrimer can be also controlled by the
chemical composition of dendrimer, e.g., polymer dendrimers with short rigid in-
ner generations and with flexible long outer generation or with inner solvophobic
generations protected by solvophilic outer generations can be used. The functional

dendrimers modified by with specific groups at the end of arms or at the branching
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points were also studied. |23, 24]
Recently, computer simulations of dendrimer were summarized in two reviews. |25,

26]

3.3 Complexation of neutral copolymer dendrimers with solvo-

phobic compounds

The research on interaction of copolymer dendrimers with solvophobic compounds
in solution is important task from the application point of view, so a number of
theoretical and simulation studies have been devoted to the individual systems. A lot
of them were summarized in two recent comprehensive review focused particularly
on targeted delivery systems. [27, 28|

Almost all of these studies deal with polyelectrolyte dendrimers in aqueous so-
lutions. The interaction of neutral copolymer dendrimers with solvophobic com-
pounds in selective solvents was studied relatively rarely despite the fact that such
model system (without electrostatic interaction) enables to elucidate the effect of
the copolymer and solute architectures and the interplay of the solvophobic and
solvophilic interactions among individual parts of copolymer dendrimer, solvopho-
bic solute and solvent.

Up to our knowledge only one similar study to our work was published. [29] The
authors also used the dissipative particle dynamics, however their study is rather
preliminary without careful equilibration and with rather unrealistic interaction pa-

rameters.

18



4 Dissipative particle dynamics

Dissipative particle dynamics (DPD) has been chosen as the simulation method. It
is an off-lattice, coarse-grained method that conserve momentum. The DPD is useful
for simulating systems on the near-molecular scale such as polymers, biopolymers,
lipids, emulsions and surfactants.

This technique has been introduced by Hoogerbrugge and Koelman in the 1990s
as a novel method for simulating hydrodynamic phenomena, based on the combi-
nation of Molecular Dynamics (particularly Brownian Dynamic) and Lattice-Gas
Automata. [30]

DPD similarly to Molecular Dynamics (MD) preserve the momentum (and thus
hydrodynamic behavior), but DPD allows to simulate behavior on larger length
and time scales than MD, because DPD particles (usually called beads) do not
represented individual atoms but they are a coarse-grained representations of parts
of large molecules (e.g., functional groups), whole molecules or fluid regions (see
Fig. 4.1). These spherical beads interact with each other via soft forces and can
mutually interpenetrate relatively easily.

Numerical solutions of the equations of motion is easier than for MD, for two
reasons: (i) in MD, the equations are solved for each particle (even the solvent), (ii)
in DPD the forces are soft and do not diverge and therefore longer time-steps can
be used. [3, 31, 32, 33, 34, 35]

The time evolution of particles in the system is governed by Newton’s equations

of motion:
dr;
7 =0 (4.1)
v, F
) 4.2

in which t stands for time, m; is mass of ith particle with position vector r;, velocity
vector v; and force vector F’i, represents all forces acting on a particle and is a sum

of a three pair forces:

Fo=) (F§+Fj + Fj) (4.3)
J#i
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Figure 4.1: Coarse-grained DPD particles — beads can represent whole molecules or

fluid regions.

where ﬁg, F;f and F_?f are the conservative, dissipative (or drag) and random (or
stochastic) pair forces.

The conservative force is a soft (i.e., weakly interacting) repulsing force and is
given by:
Fo_ ag(1 — L)ty for ry <, (1.4)

0 for ri; > re,

where a;; is a maximum repulsion between particle i and j (may be the same for all
particle pairs or may be different for different particle types), r;; is their distance
which is given by r;; = |Fj;| = |} — 7| and 7;; is normalized vector 7; (7;; = %)
The 7. is cutoff radius which describes the range of forces.

The dissipative force FD corresponds to the frictional force which depends both

on the relative velocities and the positions between interacting pairs of particles.
D D A oA
Fij = =yigw™(rij) - (7 - Uij)Fij, (4.5)

where the constant 7;; is the drag coefficient, w® is a weight function and ;; denotes

a relative velocity which is given by v;; = v; — 7.



The random force has the form:

VAL

where constant o;; is a noise amplitude and is related to the temperature, as is

FE = o0™(ri;) G, (4.6)

understood from the role of the stochastic force in representing a heat bath, w’ is
a weight function, At is the time step and (;; is a random variable with Gaussian
distribution with zero mean and unit variance chosen independently for each pair of
interacting particles and each time step and (;; = (j; (this symmetry ensures that
the total momentum is conserved). The random force represents random collisions
between particles.

The r-dependent weight functions w®? and w® in equations (4.5) and (4.6) can
not be chosen arbitrarily. Espafniol and Warren in [35] showed that the simulations
conserve energy only if the fluctuation-dissipation theorem is fulfilled, i.e., only if

the following relations are satisfied:

w® (ri;) = [w(ri;)]? (4.7)

O-i2j = 2’%‘jk’BT, (48)

where kp denotes Boltzmann’s constant and 7' is temperature. In practice, the

weight functions are typically defined through:

9 (1—22) for 1y <,
P(ry) = [whi(ry)]” = ‘ ’ (4.9)
0 for ry; > re.

w

The dissipative and random forces also act as a thermostat.
The polymer chain in DPD is modeled as a string of beads ¢ and ¢ + 1 connected

by springs. For this purpose, linear harmonic spring is used:
Fz',siﬂ = —ks(7ii01 — 70)Tii41, (4.10)

where ]*?’ZSz 41 denotes elastic force, kg spring constant and 7y is an equilibrium distance
between two particles, which is often set to 0, because particles can theoretically pass
through each other freely, but the finite bond length are assured by repulsive force.

The algorithm for integration of the equations of motion (4.1) and (4.2) is based

21



on the second-order velocity-Verlet scheme:

Ei(t)

2m

03 (t + %At) Ui (t) + At,

1
ri(t+ At) = 7i(t) + vi(t + zAt)At,
2 (4.11)
Fi(t + At) = Fi(r;(t + At), 0;(t + 5Az&)),
1 Fi(t + At)
it + At) = 05t + =At) + ———— At
Ui (t + At) vl(t—|—2 t)+ T t

4.1 System of units

In simulation, it is often suitable to express the used quantities in reduced units (or
non-dimensional units), because SI units are for simulations either too large or too
small. The unit of the length is the cutoff radius r., energy is measured in units of
kpT and the unit of mass is mass of one particle m;. |3, 31]

In the following text, the quantities in reduced units will be marked by asterisk(*),

AijTc

T and

thus the reduced distance 7* = =, the reduced repulsion parameter a;; =

the reduced time t* = r¢, /775, [32]

4.2 Parametrization of DPD

Because DPD employes only repulsive forces, the condensed system (liquid) is kept
together by external pressure. The equation for pressure, obtained from the virial

theorem, has a form:

1 . . -
p:pkBT—FW <Z(n—rj)~ﬂ>, (4.12)
j>i

where p denotes pressure, p is the particle number density and V' denotes volume of
the system. Force F, can be according to [31] identified with conservative force ﬁg
Groot and Waren [31] shown through a series of equilibrium simulations with
different values of conservative force coefficient aj; and density, that for sufficiently
large densities (p* > 2) the equation for pressure can be well-approximated by the

equation of state:
P = p*+arar (p*)? o* = 0.101 4+ 0.001, (4.13)

where o* is an empiric constant the equation of state and density p* is expressed as

N

Vi, where N* = N is total number of particles and V* = %

3.
Te

pt=pri=

22



The dimensionless isothermal compressibility can be defined as:

L (op
K= (an i (4.14)

where n is the number density of molecules. Combining the known compressibility
of water (k7 ~ 16 for T' = 300 K) with the compressibility which can be obtained

from (4.14), they derived the following formula for the repulsive parameter a*:
ay = — (4.15)
p

They have shown that p* = 3 is a reasonable choice for the particle density, therefore
a;; = 25 is usually used.

Groot and Waren [31] also mapped the repulsion parameter a;; (the repulsion
parameter for different particles) onto the Flory-Huggins theory. They found the

relationship between a; and the Flory-Huggins parameter x;; as:

Xij = 20‘*(@;‘ —ag)(p; + P;)a (4.16)

where (pj + pj) = p*. Under the assumption aj; = aj;, the formulas (4.15) and (4.5)

have for p* = 3 the form:
a;; = ay; + Aa* =25+ 3.27x;, (4.17)

)

where Aa* = aj; — aj; is the excess repulsion.
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5 Simulations

5.1 Used software

All simulations were performed using the simulation software DL_MESO. This soft-
ware is a parallel mesoscale simulation package containing dissipative particle dy-
namics and the lattice Boltzmann equation method and is issued free under licence
to academic institutions pursuing scientific research of a non-commercial nature
(see |33, 34] for more details).

My own software written in C+-+ has been used for generating the input data

and for the post processing of the obtained simulations data.

5.2 Studied system

In this work, the solubility properties of copolymer dendrimers were studied in
infinitely diluted solutions in selective solvents. In the following text only reduced
units are used, so the asterisk is omitted.

Solvent will be denoted by symbol S. The studied dendrimers contain two distinct
incompatible parts — inner solvophobic part, A;, and outer solvophilic shell, A,.
Unless otherwise stated, the simulation box contains also the low molar compound
(denoted by B), which can be solubilized in to the solvophobic core of the dendrimers.
Low molar compound was modeled as one bead (monomer) or four beads binded
together (tetramer).

The changes of dendrimer size and changes of internal structure due to the solubi-
lization of solvophobic compounds in the dendrimer were monitored and the effects
of (i) solvent selectivity, (ii) total bead concentration of solvophobic compound,
(iii) its size (monomer or tetramer) and (iv) number generation were systematically

studied.

5.2.1 System parameters

The dendrimers with three generation (respectively with four generation) with two
solvophobic inner blocks (A; type) and one (resp. two) peripheral solvophilic block
(A, type) were studied, because they are expected to secure efficient solubilization

of solvophobic compounds and they are more biocompatible than dendrimers with
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the higher number of generations. [9] The connectivity of the central core and the
branching points were the same - fo = f = 3. The spacer length was the same for
all generation, s =5or s =T.

The behavior of infinitely diluted polymer solution was studied, i.e., only one
dendrimer was present in the simulation box. The cubic simulation box with periodic
boundary conditions was used. The box size was L = 22 for the spacer s = 5 and
L = 30 for the spacer length s = 7.

All simulations were performed with the time step At = 0.05, noise amplitude
o;j = 3.0 and thus (according to eq. (4.8)) with the friction coefficient v = 4.5
in cubic simulation box with the particle density p = 3. Polymer chain has been
modeled using the harmonic spring potential (see eq. (4.10)) with parameters ro = 0
and kg = 4. The cutoff radius r. and bead mass m were set to 1 (which is consistent
with the reduced units).

The total bead concentration of solvophobic monomer was variable. For a smooth
discussion, the concentration ﬁN ~ 3.7-103 N was defined as the reference concen-
tration ¢y. The reference concentration corresponds to 118 solvophobic monomers
for dendrimer with spacer 5 (in box with L = 22) and 300 monomers for dendrimer
with s = 7 (in box with L = 30). The total bead concentrations of solvophobic
monomer compound were changing from 0 to 6.0cg.

The length of simulation runs was chosen with respect to autocorrelation time.
Every (7/2)th configuration was saved for better statistic. The total number of
saved configuration of equilibrated system was 2500.

The strength of interactions between beads is described by the repulsion param-
eter a. For a clear (and non-confusing) discussion of obtained results, it is necessary
to realize that the attraction in DPD method is (similarly to the commonly used
Flory-Huggins theory of concentrated solutions [1]|) described as a weaker repulsion
between corresponding beads in comparison with the repulsion between other types
of bead pairs. Thus a value lesser than 25 implies that two beads are attracted.

Two different sets of repulsion parameters were used to study interaction between
dendrimer and solvophobic compound.

The first set of simulations were performed with only two different parameter
values: one for favourably interacting bead pairs a = 25 and the second for pairs of

unfavourably interacting beads a = 50, 47, 45 and 40.
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The second set of repulsion parameters contained three different values. The
repulsive interaction between pairs of unfavourably interacting beads is described
by a = 40. The solubilization of solvophobic compound in the dendrimer core is
supported by repulsion parameter aga,) — 20, 22.5 or 25. The repulsion parameter
25 is introduced to make a bridge between these two parameters sets.

In both cases the repulsion parameter between the same species a; was set as

25 and all values of repulsion parameters are summarized in tab. 5.1. and tab. 5.2.

S| B |A | A
25| a | a | 25
B 25125 | a
A 25 | a
Ay 25

Table 5.1: Values of the repulsion parameter in two parameters study. The changing
parameter a = ag|B) = s|A;) = Q(BJA;) — O(A,]Az) describes repulsive interaction

between pairs of unfavorably interacting beads.

S| BJA | A
25|40 | 40 | 25
B 25| a | 40
Ay 25 | 40
A, 25

Table 5.2: Values of the repulsion parameter in three-parameters-study. The chang-
ing parameter a = a(g|a,) describes attractive interaction between solvophobic com-

pound and solvophobic part of dendrimer

In the case of using different sets of repulsion parameters, they are specify for

that given case.

5.3 Analyzed physical quantities

For the analysis of simulation results and for the description of the solubilization of
the solvophobic compound in the dendrimer core, the following physical quantities

were used:
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5.3.1 Gyration radius

The gyration radius R, gives information on the size of the dendrimer. Its square

R? for polymer with A beads is defined as:

1Y ,
R = /T/Z;(F” - R)?, (5.1)
P

thus describes the mean square of average squared distance between beads of poly-
mer in given conformation 7; and the polymers center of mass (represent by R). [1]
The gyration radius of the whole dendrimer was monitored. The experimental
measurement, of dendrimer size in terms of Rg can be performed by light scatter-

ing. [36]
The gyration radius of the inner solvophobic part of the dendrimer was also
evaluated. This quantity reflects the change in the core size due to the process of

solubilization of solvophobic monomer, resp. tetramer.

5.3.2 Autocorrelation function

The consecutive states of the simulated system are correlated because only a small
change of beads velocities and coordinates occurs during one simulation step. For the
evaluation of statistically meaningful data, it is crucial to use the uncorrelated states.
Therefore the autocorrelation (or relaxation) time 7, which represents the number
of steps between two uncorrelated states, has to be evaluated. The autocorrelation
function (ACF) of arbitrary quantity X as a function of a time ¢ can be calculated

as:

<XsXs+t> - <Xs>2
(X2) —(Xo)*

where (X) is mean of X, (X?) is its mean square, (X?) — (X,)? has the meaning of
K—t
the variance and (X, X,4) = 75 > XoXo.
1

ACF(t) = (5.2)

It can be shown that the ACF usually decreases as an exponential function or
as a sum of exponential functions, i.e., ACF(t) ~ > 4; exp(—Tij) and ACF can be
fitted by exponential curve in this form. ’

To find the number of steps between two uncorrelated states, the simulation

runs were performed with a very short time step interval (Ai = 10) between the

accounted configurations and autocorrelation functions were evaluated. Because of
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focusing on the changes in dendrimer size due to the solubilization, the ACF was

based on the distance between the center of mass and the 2nd branching points.

déta'
1t fit
0.8 H
0.6 1
Iz 1
< !
0.4 rf }
g
0.2 } N,
. L'i'i»{.,
ot R % 3.3 5 amme a5 BB
0 10 20 30 40 50

Figure 5.1: The example of autocorrelation function of distance between center of
mass and the 2nd branching points of dedrimer with s =5, g = 3 and a(gja,) — 20

in solvent with solvophobic monomer(c = ¢).

5.3.3 Radial number density of beads

The radial number density of beads p(r) is defined as the ratio of the number of
beads of a given type in spherical layer around the dendrimer center of mass, N(r),

to the volume of this layer V(r):

N(r)
p(r) = Vi) (5.3)
V(r) = %ﬂ' ((r+Ar)? —r?), (5.4)

where r is inner radius of the layer and Ar is layer width.
The radial number density of polymer beads describes the dendrimer compact-
ness and the radial number bead density of solvophobic monomer (tetramer) and

solvent beads characterizes their incorporation in the dendrimer.

5.3.4 Aggregation number

The aggregation (or association) number A, gives the number of molecules (solvo-

phobic monomer or tetramer) in one aggregate. Two solvophobic monomers are
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supposed to belong to the same aggregate, if they are in contact, i.e., the distance
between the centers of corresponding beads is lower than one reduced unit. Simi-
larly, two solvophobic tetramers are supposed to belong to the same aggregate, if
they have two or more contacts either with the solvophobic part of the dendrimer
or with another already solubilized tetramer.

As the aggregates with different aggregation numbers are usually simultaneously
present in the solution, the number distribution function of aggregation numbers or
weight distribution function of aggregation numbers is used for the characterization
of the system. The number distribution function F,(A,) is defined as the number

fraction of aggregates containing A, molecules:

(5.5)

where N (A,) is the number of aggregates consisting of A, monomers, resp. tetramers,
and ¢ = A;. The weight distribution function of aggregation numbers Fi,(A4,) is de-
fined as:

mAgN(Ag)

Fu(4y) = ma (5.6)

where my, is the mass of an aggregate with aggregation number A, and ¢ = A,.
The weight distribution function is also used for the description of solubilization
capacity of dendrimer. Every solvophobic molecule, which forms an aggregate with

dendrimer solvophobic core is considered as solubilized.
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6 Results and discussion

General suitability of DPD method for studies of dendrimer behavior in solutions
was proved within my bachelor thesis (2013) by correct reproduction of scaling law of
the gyration radius of homopolymer dendrimer in good solvent. This work has also
shown, that copolymer dendrimers are more suitable for solubilization of solvophobic

compounds than homopolymers.

6.1 Solubilization of the solvophobic monomer

6.1.1 Solvophobic monomer without preferential interaction with den-

drimer core

At first, the study of the interaction between dendrimer and solvophobic monomer
at bead concentration ¢ = ¢y was performed using the repulsion parameters listed
in tab. 5.1. Only two values of repulsion parameters were used in this part of the
thesis, as is obvious from the table.

The solubilization of the monomer in the dendrimer core was modeled as a pro-
cess driven by solvophobic character of this monomer (asy > 25). The interaction
between beads of the monomer and dendrimer core was the same as the interaction
between beads of the monomer.

The obtained results show, that when agpy = 40, only a few monomer beads
are solubilized in the dendrimer core. The solubilization of solvophobic monomer
in dendrimer core increases with increasing repulsion parameter a, but high val-
ues of repulsion parameter (a = 50) are experimentaly unrealistic. Furthermore,
aggregation of monomer was observed at higher values of repulsion parameter and
at the bead concentrations higher than ¢q. It is because of huge solvophobicity of

monomer, as shown the Fig. 6.1, where monomer precipitates from solution.
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Figure 6.1: A snapshot of simulation box containing dendrimer s = 7, g = 3 and

solvophobic monomer (ap)y = 50; ¢ = 1.7¢).

The performed two-parameters-study has shown that the variation of two repul-
sion parameters does not allow to describe the real process of solubilization properly.
The solvophobicity of the monomer alone is not sufficient condition for its prefer-
ential incorporation in dendrimer core. For this reason, the attractive interaction

between solvophobic compound and the dendrimer core was applied in the model.

6.1.2 Solvophobic monomer with preferential interaction with dendrimer

core

The non-realistic two-parameters-study was replaced by three-parameters-study, in
which repulsive solvophobic interaction was kept constant (value a = 40) in all sys-
tems and the encapsulation of solvophobic monomer, resp. tetramer was promoted
by the third parameter, which describes the attractive interaction between solvo-
phobic monomer, resp. tetramer, and solvophobic dendrimer part — aja,) < 25.

The values of the used parameters are listed in table 5.2.

6.1.2.1 Effect of the box size

Because the simulations have been performed in a simulation box with periodic
boundary conditions, it was necessary to prevent the possibility that the results of
simulations could be affected by small box size and by periodicity. In the case of too

small size of the simulation box, the dendrimer interacts due to periodic boundary
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condition with its own image and the condition of infinite dilution is not fulfilled.
For this reason, the simulations were performed in boxes with different L (L = 20, 22
and 30) and radial number bead densities were evaluated and mutually compared.

The comparison of radial number density of beads have proved that the results
are the same for different box sizes as is shown in Fig. 6.2 and thus the size of the
simulation box (L = 22 for s = 5) is large enough. Analogically, the size of the

simulation box L = 30 is large enough for spacer s = 7.
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Figure 6.2: Segment densities of dendrimer solvophobic (A;) and solvophilic (Aj)
beads and beads of solvophobic monomer (B), s = 5, g = 3, aga,) = 20, for several
box sizes (a) L = 20 and L = 22, (b) L = 22 and L = 30. Green line is for A,
purple for Ay and blue one for B. Dashed lines are for L = 22, solid for L = 20 or
30.

33



6.1.2.2 Equilibration period

To find the appropriate length of the equilibration period, the simulations from
three different initial conformation were performed and changes in the gyration
radius of the inner solvophobic part R,(A;) were observed. For these simulations,
the dendrimer with s = 5, g = 3, a(g|a,) — 20 was chosen and the bead concentration
of solvophobic monomer was either ¢ = 0 (copolymer were in pure solvent) or ¢ = .

For the dendrimer in pure solvent, the three initial conformations were chosen:
random one, completely expanded and planar conformation with linear spacers, as
is shown in Fig. 6.3. For the dendrimer in solution containing solvophobic monomer,
the three initial conformations were chosen: random one, conformation containing
huge amount of monomer solubilized in core and the expanded conformation without
any solubilized monomer, as is shown in Fig. 6.4.

The dependence of the gyration radius of the dendrimer inner part R,(A;) on
the number of simulation steps (see Figs. 6.3 and 6.4) was monitored. From Figs. 6.3
and 6.4 it is evident that the gyration radius quickly converges to the same constant
value in all cases. According these results, the minimum equilibration period can
be shorter than 5000 simulation steps. However, the equilibration period used in
simulation runs was at least ten times longer to safety avoid the non-equilibrated

states.
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simulation step
Figure 6.3: The evolution of the gyration radius of the inner part of dendrimer
R,(A1), s =5, g = 3 in pure solvent as a function of the simulation step from three
different initial dendrimer conformations. Black curve is for the initial expanded

conformation, green for planar one and purple for random one.

0 1000 2000 3000 4000 5000

simulation step
Figure 6.4: The evolution of the gyration radius of the inner part of dendrimer
Ry(Ay), s =5, g = 3, aga,) = 20 in presence of solvophobic monomer, ¢ = c,
as a function of simulation step from three different initial dendrimer conforma-
tions. Black curve is for the initial expanded conformation without any solubilized
monomer, green one is conformation containing huge amount of monomer and purple

is random one.
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6.1.2.3 Effect of the monomer concentration

The results of solubilization study based on the three-parameters-model and the
most important trends concerning the size and inner structure of aggregates will be
analysed and discussed with help of several different plots. In Fig. 6.6, the angu-
larly averaged radial densities of dendrimers segments A;, A, and of solvophobic
monomer B are plotted as functions of the distance from the center of the mass, r,
for two dendrimers with s = 5 and 7, for the constant concentration of the solvopho-
bic monomer ¢y and different values of the repulsion parameter a(gja,).It is obvious
that the results for s = 5 and 7 are qualitatively the same, only the densities of
solvophobic monomer are little higher for the systems with spacer s = 7. Their sol-
ubilization capacity is higher, as expected from bigger size of the solvophobic core.
From this reason, only the behavior of the dendrimers with spacer s = 5 will be dis-
cussed in the remaining part of this paragraph. Decreasing value of a(gja,), which
emulates the increasing attraction between B and A; (as compared with the inter-
action between S and A,) promotes the solubilization of B in the solvophobic core
(A1) of the dendrimer. The density of B indicates that the compound concentrates
in the central part of the dendrimer (i.e., in the core) and the size of the core slightly
increases. The density of Ay segments does not almost change. Generally speaking,
the changes of segment densities A; and A, are fairly small at this relatively low
concentration of monomer.

In Fig. 6.7, the effect of increasing concentration of the solvophobic monomer
on the inner structure of associates is depicted for two different interaction param-
eters a(gja,). To present a comprehensive picture of the behavior, the changes of
concentration profiles of individual components B, A; and A, are shown in separate
subsections of the figure. Figs. 6.7 (a) and (b) demonstrate efficient solubilization
of the solvophobic monomer in dendrimer structures. The density of B segments
in the central part is fairly high (as expected, it is higher for a(ga,) = 20 than
for awmja,) = 22.5). Because A; segments are partially replaced by segments B,
their density decreases in the central part and some segments are pushed farther
from the dendrimer center. The solubilization thus causes the expansion of the core
(see the broadening of density profiles with increasing ¢ in Figs. 6.7 (¢) and (d)).

The distance of stabilizing segments A, from the center of the mass also increases
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with increasing c as it is witnessed by changes in their density profiles (by shifts of
their maxima in density profiles towards larger r). The comparison of B and A;
density profiles is very interesting. It reveals that for higher concentrations, a non-
negligible fraction of solvophobic monomer condense on the A; core surface (i.e.,
in the Ay shell). The non-negligible overlap of B and A, density profiles suggests
the intermixing of corresponding blocks, but it is mostly the artifact of the angular
averaging. The snapshots (see Figs. 6.5) show that the solvophobic beads stick and
literally »glue« to a relatively compact »cloud« of B molecules already condensed in
the central region. The stabilizing A, branches are preferentially radially stretched.
They pass the region filled with the »glued« solvophobic monomers, but the actual
intermixing of B and A, is limited.

The observation of weight function of aggregation numbers shows (see Fig. 6.8),
that only a few solvophobic monomers create aggregates even for higher bead con-

centrations. These small aggregates remain in solution independently on presence

of dendrimer (Fig. 6.5).
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(g) ¢=6.0co (h) ¢ =6.0¢o

Figure 6.5: Snapshots of solvophobic monomer with different concentration c¢. The
left column is for the solvophobic monomer without dendrimer and the right column

depicted solubilization of monomer in the dendrimer s =5, g = 3 and a(gja,) — 20.
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Figure 6.6: The copolymer bead densities of dendrimer with s = 5 and 7, g = 3
and different values of aja,) = 20, 22.5 and 25 for system: (a), (b) without any
solvophobic monomer, (¢) — (h) containing solvophobic monomer with total bead

concentration ¢ = ¢g. The green line corresponds to Ay, purple to As and blue to B.
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Figure 6.7: The bead densities for solvophobic monomer (first row), solvophobic
part of dendrimer (second row) and solvophilic part of dendrimer (third row) s = 5,
g = 3 for increasing total bead concentration c. The blue lines correspond to the
concentration ¢ = 0.5¢y, purple lines to ¢ = ¢y, green lines to ¢ = 1.5¢y, orange line
to ¢ = 2.0¢g, black lines to ¢ = 4.0cy and cyan lines to ¢ = 6.0cg. The left column is

for agja,) = 20, the right for aga,) — 22.5.
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Figure 6.8: The weight distribution function F,,(A,) of aggregation number A, for
dendrimer s = 5, g = 3, agja,) = 20 (the first raw), 22.5 (the second raw) and
25 (the third raw) for systems containing dendrimer and solvophobic monomers
with different bead concentrations. The left column is for solvophobic monomer
solubilized in the dendrimer, the right column for the aggregates of non-solubilized

solvophobic beads. The colors of the individual curves are the same as in Fig. 6.7.
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6.1.2.4 Protection effect of the solvophilic dendrimer part

The dendrimers with two solvophobic (A; type beads) and two solvophilic (A, type
beads) generations and with the same spacer length for all generations s = 5 were
simulated for a(gja,) = 20 and for different bead concentration of monomer c.

The bead densities for the four-generations-dendrimer and the three-generations-
dendrimer in pure solvent (¢ = 0) are shown in Fig. 6.9. The behavior of this four-
generations-dendrimer in pure solvent is similar to the three-genera/tions-dendrimer
as is demonstrated by number bead densities of dendrimer segments (see Fig. 6.9).
The addition of the fourth solvophilic generation leads to broadening of A, bead
density with slightly higher maximum, because the number of solvophilic segments
of four-generations-dendrimer is three time higher than the number of solvophilic
segments of the three-generations-dendrimer. The number of the solvophobic seg-
ments is the same for both dendrimer types and the corresponding bead densities

differ only in the centre in accordance with published data. [37]

p(r)

Figure 6.9: Bead densities for dendrimer in pure solvent (¢ = 0) as function of
distance from the center of mass. Solid lines are for dendrimer with s = 5, g = 4,
dashed for s = 5, g = 3. Purple line is for densities of A; beads, green line is for A,

beads.
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Bead densities of dendrimer segments and solvophobic monomer as a function of
the distance from the center of mass are depicted for two monomer concentrations
(¢ = ¢o and ¢ = 2.0¢9) in Fig. 6.10 for the both dendrimer types. The solvo-
phobic bead densities of the four-generations-dendrimer and the three-generations-
dendrimer are for both concentrations similar, however the corresponding densities
of solvophobic monomer differ significantly. The increase of the number of solvophilic
segments A, in the four-generations-dendrimer improves the protection of dendrimer
core surface against the solvent molecules. As the interaction of the solvophobic
monomers with solvent is the same as with the solvophilic dendrimer segments and
the covering of the dendrimer core is better, the solvophobic monomer density is
lower on the surface of the dendrimer core and also inside in the core. The change of
the solvophilic segment densities against the pure solvent is for these concentrations
negligible.

The weight distribution functions of aggregation numbers for both dendrimer
types and two monomer concentrations are shown in Fig. 6.11. The addition of one
more solvophobic generation suppressed the solubilization of monomer segments in
the dendrimer; the maximum value of weight distribution function is lower and
is shifted to lower aggregation number. Time evolution of the solubilization of

monomer in the dendrimer is illustrated also by Fig. 6.12.
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(b) ¢ =2.0¢q

Figure 6.10: The bead densities of dendrimer with s = 5, g = 4 and amja,) — 20
as a function of distance from the center of mass for different total bead concen-
trations of monomer ¢: (a) ¢ = ¢, (b) ¢ = 2.0co, depicted by solid lines. Dashed
lines corresponds to the systems of the three-generations-dendrimer under the same

conditions. A4



0.02 1

aa
[
[N
oo
aa
aa
[
[,
oo
aa

0.015

.01

0.005
0.2

20 40 60 2 4 6

Ag A

Fy(Ay)
o
Fy(A,)

(a) Monomer solubilized in the dendrimer; (b) Non-solubilized monomer
a(Bla,) = 20
Figure 6.11: The weight distribution function F,,(A4,) of aggregation number A, for
dendrimers s = 5, g = 4, a(gja,) = 20 for monomer concentration ¢ = ¢y (solid purple
line) and ¢ = 2.0¢q (solid orange line). The left column is for solvophobic monomer
solubilized in the dendrimer, the right column for the aggregates of non-solubilized
solvophobic beads. Dashed lines are for the three-generations-dendrimer under the

same conditions.
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Figure 6.12: Time evolutions of the simulation box. The left column depicted solu-
bilization of the solvophobic monomer (¢ = ¢g) in the three-generations-dendrimer
(s =5, aja,) = 20), the right depicted solubilization in the four-generations den-

drimer (s = 5, agja,) = 20).
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6.2 Solubilization of the solvophobic tetramer

Solvophobic tetramer were modeled as four solvophobic beads connected in linear

chain, as well as dendrimer, by harmonic spring potential with ro = 0, kg = 4.

6.2.1 Solvophobic tetramer with preferential interaction with dendrimer

core
6.2.1.1 Effect of the tetramer concentration

For the selected system (dendrimer with spacer s = 5, g = 3 and agja,) = 20),
the simulations of the solvophobic tetramer solubilization were performed to study
the effect of the size of solubilized compound. The number of beads in simulation
box corresponding to the reference total bead concentration ¢y for these systems
was 120, as this number is divisible by four. The difference between this total
bead concentration and the total bead concentration for monomer (118 beads in
simulation box) is less than 2 %, so it is negligible.

In Fig. 6.13, the radial number densities of A; and A, segment of dendrimer and
beads of solvophobic tetramer and monomer are depicted for different total bead
concentration. It is obvious, that density of tetramer beads near the center of mass
is appreciably higher than that of monomer. Asin the case of the solubilization of the
monomer, A, type beads are partially replaced by B types, their densities decreases
near the center of mass and some segments are pushed farther, thus dendrimer core
is expanding. The expanding core also influences A, beads density profiles. They
have lower maxima shifted toward larger distance.

Similarly as monomer at higher concentrations, the tetramer beads also condense
on the dendrimer core surface (see Fig. 6.13). However, the condensation of solvo-
phobic tetramers occurs at lower total bead concentration than the condensation of
monomers. This effect can be explained by four times higher attraction of tetramer
to the dendrimer core. The connection of beads into tetramer increases also the
mutual attraction of solvophobic tetramers and their solution behavior significantly
differs from monomer behavior. In solutions without dendrimer, the tetramers pre-
cipitate even at very low concentration. However, the tetramer precipitates are
solubilized in the dendrimer if the dendrimer is present in the solution (Figs. 6.14

and 6.15).
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This picture is supported also by weight distribution functions of aggregation
numbers (Fig. 6.16), which show that only a few non-aggregate tetramers stay in

solution.
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Figure 6.13: The densities of beads of dendrimer with s =5, g = 3 and aa,) = 20
and solvophobic tetramer for different total bead concentration of tetramer c: (a)
¢ = 0.5¢, (b) ¢ = ¢, (¢) ¢ = 2.0¢p, depicted by solid lines. Dashed lines corresponds

to the systems containing solvophobic monomer under the same conditions.
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Figure 6.14: Time evolution of simulation box. The left column depicted the solvo-

phobic tetramer (¢ = ¢p). The right column depicted the solvophobic tetramer

(b) Simulation step — 1.0 - 10*

(f) Simulation step = 1.0 - 10°

(h) Simulation step = 1.5- 105

(c = cy) and dendrimer (s =5, g = 3, amja,) — 20).
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Figure 6.15: Time evolution of simulation box. The left column depicted the solvo-
phobic tetramer (¢ = 2.0¢p). The right column depicted the solvophobic tetramer
(c =2.0co) and dendrimer (s =5, g = 3, apja,) — 20).
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Figure 6.16: The weight distribution function F,,(A4,) of aggregation number A, for
dendrimers s = 5, g = 3, a(g|a,) — 20 for systems containing different concentration c
of the solvophobic tetramer. The left column is for solvophobic tetramer solubilized
in the dendrimer, the right column for the aggregates of non-solubilized solvophobic

beads. The colors of the individual curves are the same as in Fig. 6.7.

6.2.1.2 Protection effect of the solvophilic dendrimer part

Radial number densities for the four-generations-dendrimer and the three-generations-
dendrimer and two different total bead concentrations are depicted in Fig. 6.17. The
number densities and also weight function of aggregation numbers (see Fig. 6.18)
show significantly different behavior of tetramer and monomer for all concentra-
tions. The radial density of solvophobic tetramer in the core of the four-generations-
dendrimer is smaller than in the three-generations-dendrimer, but the difference is
much more smaller than for monomer. Based on the time evolution of simulations
box (Figs. 6.19 and 6.20) and the weigh distribution function of aggregation numbers
(Fig. 6.18), it is obvious, that differences in densities between tetramer solubilized in
the four-generations-dendrimer and three-generations-dendrimer is caused only by
angularly averaging of densities and by their averaging over the all aggregation num-
bers rather than by protective effect of the additional solvophilic generation. The
copolymer dendrimer with more than two solvophilic generations and /or with longer

spacers has to be used to obtain the similar behavior as for monomer solubilization.
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Figure 6.17: Bead densities of dendrimer with s = 5, ¢ = 4 and aja,) — 20
and solvophobic tetramer for different total bead concentrationc: (a) ¢ = ¢, (b)
¢ = 2.0cy, depicted by solid lines. Dashed lines corresponds to the systems of the

three generation dendrimer under the same conditions.
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Figure 6.18: The weight distribution function F,(A,) of aggregation number A,
for dendrimers s = 5, g = 4, ampa,) — 20 for different total bead concentration
¢ = ¢y (purple line) and ¢ = 2.0¢y (orange) solvophobic tetramer. The left column
is for solvophobic tetramer solubilized in the dendrimer, the right column for the
aggregates of non-solubilized solvophobic beads. Dashed lines are for the three

dendrimer under the same conditions.
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Figure 6.19: Time evolution of copolymer (s = 5, g = 4, agja,) = 20) and solvo-
phobic tetramer (¢ = co).
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(c) Sim. step = 5.0 - 10* (d) Sim. step = 7.5-10%

(e) Sim. step = 1.0 - 10° (f) Sim. step = 1.25 - 10°

(g) Sim. step = 1.5-10°

Figure 6.20: Time evolution of copolymer (s = 5, g = 4, agja,) = 20) and solvo-
phobic tetramer (¢ = 2.0¢).
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7 Conclusions

The behavior of the block copolymer dendrimers in solutions containing solvophobic
compound was studied via dissipative particle dynamics. The dendrimer has the
inner solvophobic part (two generations) protected by outer solvophilic part (one,
resp. two generations). The interaction of solvophobic copolymer part with solvent
was the same as the interaction of solvophobic compound with the solvent. Two
types of solvophobic compound were studied — monomer and tetramer formed from
four monomer beads under the same conditions.

The solubilization of solvophobic compounds in the copolymer dendrimer de-
pends on the interaction between solvophobic part of dendrimer and solvophobic
compound. When the solubilization is only due to the solvophobicity of the solvo-
phobic compound (monomer), the precipitation of solvophobic compound from the
solution occurs before its solubilization. To obtain demanded solubilization, prefer-
ential attractive interaction between the solvophobic part of dendrimer and solvo-
phobic compound has to be introduced in the model.

The attraction between solvophobic part of dendrimer and solvophobic com-
pounds increases the amount of solubilized compound significantly for all total bead
concentrations. At low total bead concentration, the solvophobic monomer is solubi-
lized in the dendrimer core and the solvent is forced out without significant changes
in dendrimer conformations. With increasing total bead concentration, the amount
of solubilized monomer is increasing and simultaneously the solvophobic part of
dendrimer is expanded and the solvophilic part is pushed away from the dendrimer
centre. For even higher concentrations, non-negligible fraction of solvophobic com-
pound condenses on the dendrimer core surface. In the dendrimers with longer
spacers, the amount of solubilized monomers is higher; however the general trends
are the same.

The monomer condensation is suppressed in the dendrimers with two outer
solvophilic generations due to the higher protection of the dendrimer core by the
solvophilic segments.

The increase in the size of solvophobic compound enhances its solubility in the
dendrimer core. Segments with lower solvophobicity or with lower attraction to the

solvophobic core may be used to obtained the same amount of solubilized segments
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if they form tetramer. Under the same conditions as monomer solubilization study,
the simulated weight distribution functions of aggregation numbers indicate that all
tetramers are solubilized in or condensed on the dendrimer core. Simultaneously, two
protective solvophilic generations are not sufficient for the suppression of tetramer
condensation on the dendrimer core.

It can be conclued, that from the application point of view, the most perspective
systems are dendrimers with relatively long spacer and large enough outer solvophilic
shell. The solvophobic compounds with attraction to the dendrimer core are more
proper than the compounds without the attraction. Simultaneously the oligomer

chains promotes solubilization of solvophobic compounds in the dendrimer.
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