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co-supervisor Martin Ĺısal for his invaluable help and to Karel Procházka for
reading and correcting the work.

I declare that I have written my bachelor work by myself and that all the
sources are listed in the bibliography. Also this work, nor its significant part
was used to obtain other academic title. I agree that this work may be lent and
published.

In Prague, June 1, 2011 Karel Šindelka
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List of symbols and abbreviations used in the text

fi force acting on a particle
FC conservative force
FD dissipative force
FR random force
mi mass of particle
vi velocity vector of the i-th particle
ri position vector of the i-th particle
t time
aij repulsion coefficient between particles i and j
rij distance between particles i and j
rc cut-off distance
eij unit vector in a direction of particles’ distance
ωD weight function for dissipative force
ωR weight function for random force
γij friction coefficient
σij noise amplitude
ζij random Gaussian noise
∆t simulation timestep
kB Boltzmann’s constant
T temperature
FS spring force
k spring constant
ṽ velocity prediction in a Verlet algorithm
λ constant in a modified velocity-Verlet algorithm
τ relaxation time
Rg radius of gyration
Re end-to-end distance
rCM position vector of the center of mass of a chain or an aggragate
S gyration tensor
λ2

x, λ2
y, λ2

z principle moments of gyration tensor
b asphericity
c acylindricity
κ2 relative shape anisotropy
I inertia tensor
rx, ry, rz semi-axes of an ellipsoid
pxy ratio of two smaller semi-axes of an ellipsoid
p ratio of the largest semi-axis and everage of the two smaller ones
ρ particle density
χij the Flory-Huggins interaction parameter
δi solubility parameter
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P aggregation number
MD molecular dynamics
DPD dissipative particle dynamics
ACF autocorrelation function
PMAA poly(methacrylic acid)
PEO poly(ethylene oxide)
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1 Introduction

Polymers are of enormous importance in all aspects of our lives. These ma-
terials find use in each branch of our society – from everyday things such as
clothing, packaging or toys to the most advanced fields like computer or medical
science. Life itself could not exist without natural biopolymers such as nucleic
acids or proteins.

Polymer is a molecule consisting of many repeating structural units called
monomers, which are connected by covalent bonds to form a chain. The number
of monomers in one chain is called the degree of polymerization. Due to the
polymer chain’s flexibility it can adopt many different conformations, making
it practically impossible to describe its properties without the use of statistical
approaches.

Polymer chain can consist of only one type of monomer unit (homopolymer)
or more types (copolymer). The two (or more) monomer types in a copolymer
are arranged for example to alternate regularly or to form blocks, where only one
monomer type is present, as shown in Figure 1f.

Physical properties of polymer materials depend on the polymerization degree
and on the monomer composition. The chain architecture is another important
feature affecting the properties of polymer materials. The polymer can be linear,
star-branched, H-branched, comb, dendrimer, etc. as shown in Figure 1.

The conformation of the polymer chain in solution greatly depends on its
interactions with a solvent [1, 2, 3]. If the interactions are favorable, the solvent is
called thermodynamically good solvent and the polymer dissolves. If the opposite

(a) (b) (c)

(d) (e) (f)

Figure 1: Examples of polymer architecture: (a) linear; (b) star-branched; (c)
H-branched; (d) comb; (e) dendrimer; (f) copolymer: random, alternating, block,
graft
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is true, the solvent is bad, the chain collpases and the polymer does not dissolve.
A solvent, that is a good solvent for one monomer type in a block copolymer

and a bad solvent for the second type of monomer, is called a selective solvent. In
case of a block copolymer in the selective solvent, multimolecular micelles or other
types of nanostructures can appear. In such a solvent each block has different
solubility and solvophobic blocks create a micellar cores, while solvophilic blocks
form a soluble shell.

Experimental study of polymer systems is often very difficult due to their com-
plexity and several methods have to be used to get reliable information. Theoret-
ical methods on the other hand use rough approximations, which are sometimes
difficult to verify in mathematical and physical terms. Computer simulations
make the interface between the two. The adventage is that we can set up exact
conditions and study monodisperse polymer, which is very difficult to achieve
in experiments. Simulations give detailed and experimentally unreachable re-
sults, therefore they make it possible to study different effects independently and
thus test theoretical hypotheses. Simulations therefore help both in interpreting
experimental data and developing theoretical models.

On the other hand simulations are very demanding both on the computational
time and the computer memory, so it is nearly impossible to simulate larger
systems at the atomic level. Therefore so-called coarse-grained methods which
group more atoms or molecules into a single particle have been often used.

The aim of this work is to study the conformational behaviour of diblock
copolymers in the selective solvent. The system studied has been chosen as close
as possible to the one studied in our research group [4].
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2 Simulation method

Dissipative particle dynamics (DPD) is a simulation method similar to molec-
ular dynamics (MD) [5, 6, 7]. MD is a computer simulation technique allowing
us to follow the time evolution of a large number of interacting particles. The
particles obey classical equations of motion:

fi = mi

dvi

dt
= mi

d2ri

dt2
, (1)

where fi represents forces acting on a particle i with position vector ri, velocity
vector vi and mass mi; t stands for time. The force is calculated as a negative
gradient of an interaction potential. The equations of motion are numerically
integrated and thus a new set of particle coordinates and velocities is generated.
Macroscopic properties can be then obtained using statistical thermodynamics
(see [8] for more details).

On the basic level, the particles represent individual atoms. However various
coarse-graining methods can be used, so that one particle actually represents
more atoms or molecules, which reduces the computational time [8]. Also some
form of a thermostat can be applied to the system, usually in the form of a
random force acting on the particles.

DPD as compared with MD is able to cover larger hydrodynamic time and
space scales [9]. Unlike MD, however, it is, by design, an approximate, coarse-
grained method. Also in DPD simulations the momentum is conserved, while
total energy is not. DPD fluid is modelled by large beads, each consisting of
several atoms or molecules, interacting via soft potential. The beads interact
with pair-wise force:

fi =
∑

j 6=i

(

FC(rij) + FD(rij,vij) + FR(rij)
)

, (2)

where the sum runs over all neighbour particles, which are within a certain cut-off
distance rc. As this is the only length scale in the system, it is often used as a
unit of length. The conservative force is a soft repulsion given by

FC
ij =

{

aij(1 − rij

rc
)eij if rij < rc

0 if rij ≥ rc

, (3)

where aij is a maximum repulsion between particles i and j, rij is their distance
from each other and eij is a unit vector in a direction of their distance [5]. The
dissipative force represents a drag between two beads moving through each other
with relative motion vij:

FD
ij = −ωD(rij)γij(eij · vij)eij, (4)
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where ωD = (1 − rij/rc)
2 is a weight function, that equals 0 for rij ≥ rc by

definition; and γij is a friction coefficient. The random force is then given by

FR
ij = ωR(rij)σij

ζij√
∆t

eij, (5)

where ζij is a random Gaussian noise with zero mean and unit standard deviation;
σij is a noise amplitude; ωR represents r-dependant weight function and ∆t is a
simulation timestep.

To satisfy the fluctuation-dissipation theorem the following two conditions
have to be met [5]:

ωD = (ωR)2, σ2

ij = 2kBTγij. (6)

The dissipative and random forces also act as a thermostat.
To simulate polymers, an additional spring acting between the beads is added.

The harmonic spring representing bond between DPD particles in a polymer chain
is defined as:

FS
ij = k(rij − r0), (7)

where k is a spring constant and r0 is an equilibrium distance between two beads,
which is often set to 0, because the repulsive force alone maintains the appropriate
distance. The DPD chains are interpenetrating chains (or phantom chains) – they
pass through each other freely [6].

Groot and Warren have shown in [5], that the repulsion parameter aij for the
interaction between like particles is aii = 75/ρ, where ρ = N/V is the particle
density (V being the volume of the system and N the number of particles). For
unlike particles there is a relation between aij and the Flory-Huggins parameter
χij [5]:

aij = aii + 3.27χij. (8)

To determine the Flory-Huggins parameter χij, the solubility parameters δ
can be used [10]:

χij = (δi − δj)
2.

To integrate the equations of motion a modified velocity-Verlet algorithm is
used in this work:

ri(t + ∆t) = ri(t) + vi(t)∆t + 1

2
(∆t)2 fi(t)

mi
,

ṽi(t + λ∆t) = vi(t) + λ∆t
fi(t)
mi

,

fi(t + ∆t) = fi(r(t + ∆t),ṽ(t + λ∆t)),

vi(t + ∆t) = vi(t) + ∆t
fi(t) + fi(t + ∆t)

2mi
.

(9)
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The constant λ equals 0.5 for a classical velocity-Verlet algorithm, but it has
been shown that λ = 0.65 is better for maintaining constant temperature in DPD
simulations [5] and is therefore used in my DPD program. The velocity prediction
ṽ is needed, because the forces are velocity-dependant. This integrator renders
good results and keeps the temperature constant within 1% of the set value for
a relatively long timestep of ∆t = 0.05 [11].

Other, more sophisticated integrators developed for DPD simulations are
shown in [11].

3 Reduced units

Since it is impractical to use classical SI units, which are either too small or
very large, in computer simulations, a set of reduced units is used [8]. The unit
of length is the cut-off distance of the forces acting on the particles rc = 1. The
energy is measured in units of kBT . The third one is the unit of mass of the bead
mi = 1.

Where the reduced units are used, the noise amplitude σij and the particle
density ρ are both equal to 3 in accordance with Groot and Warren [5]. The
friction coefficient in the dissipative force γij = σ2

ij/2 = 4.5. The dimensionless
timestep ∆t has been chosen as 0.05 in all simulations done in this work.

4 Autocorrelation function (ACF)

The coordinates and velocities generated during the simulation are correlated,
because only a small change happens between two succesive steps. Therefore the
relaxation time τ , which is the number of steps between two uncorrelated states,
must be estimated for each physical property [12]. The ACF for X is calculated
as

ACF (j − i) =
〈XiXj〉 − 〈X〉2
〈X2〉 − 〈X〉2 , (10)

where 〈X〉 is a mean of the quantity X; 〈X2〉 is its mean square and 〈XiXj〉 =
1

n−i

∑

j>i XiXj.
It can be shown that the ACF asymptotically decreases as an exponential

function [12]. Thus to acquire τ , we must fit the ACF by the exponential curve
in the form a exp (−x

τ
); the constant a, which should approach 1, is added so that

the exponential curve gives a better fit.
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5 Gyration tensor

Several properties can be used to describe the dimensions of a polymer chain
or its aggregate such as the end-to-end distance, Re, or the radius of gyration Rg.
The end-to-end distance, Re, is the distance between the first and the last bead
in the chain:

Re = |r1 − rn|. (11)

The radius of gyration is defined as the root mean square of the average
squared distance of beads in the chain or aggregate from its gravity center rCM :

R2

g =
1

N

N
∑

i=1

(ri − rCM)2, (12)

where N is the number of particles forming the chain or aggregate. We assume
here, that all particles have the same mass.

In this work, the radius of gyration has been calculated using a gyration tensor
S, which describes the second moments of the position vectors of beads:

Smn =
1

N

N
∑

i=1

(rm
i − rm

CM)(rn
i − rn

CM), (13)

where rm
i stands for m-th cartesian coordinate of ri and rm

CM is the m-th coor-
dinate of the center of mass rCM . The gyration tensor is a symmetric matrix,
which can be diagonalized:

S =







λ2
x 0 0
0 λ2

y 0
0 0 λ2

z





 , (14)

where λ2
x, λ2

y and λ2
z are principle moments, chosen so that λ2

x ≤ λ2
y ≤ λ2

z [13].
They may be used to calculate the radius of gyration:

R2

g = λ2

x + λ2

y + λ2

z. (15)

The principle moments can also be used to calculate the shape descriptors –
asphericity b and acylindricity c [14, 15]:

b = λ2

z −
1

2
(λ2

x + λ2

y), c = λ2

y − λ2

x. (16)

The asphericity is always a non-negative value, that equals zero only when the
particles are distributed with spherical symmetry (or symmetry with respect to
all three coordinate exes). The acylindricity is also non-negative and attains zero
only when the distribution of particles is cylindrically symmetric (or symmetric
with respect to the two axes).

9



Using the asphericity b, the acylindricity c and the radius of gyration Rg, the
relative shape anisotropy κ2 can be calculated as [14, 15]

κ2 =
b2 + 0.75c2

R4
g

. (17)

The relative shape anisotropy is bounded between zero and one. For a structure
of tetrahedral or higher symmetry (for example a spherical shape, λx = λy = λz),
the relative shape anisotropy equals 0. The value κ2 = 0.25 corresponds to a
regular planar structure (such as a regular polygonal shape, λx = 0 and λy = λz).
Prolate cylindrical structures are characterised by κ2 = 1 (λx = λy = 0) [16].

The inertia tensor I differs from the gyration tensor by the mass weighting
[13]:

Imn =

∑N
i=1 mi(r

m
i − rm

CM)(rn
i − rn

CM)
∑N

i=1 mi

. (18)

This tensor is also symmetric and may be diagonalized. In my simulations, all
DPD beads have the same mass m = 1, so the principal moments of both tensors
are the same. For homogeneous ellipsoid with semi-axes rx ≤ ry ≤ rz, the princi-
pal moments of inertia tensor may be calculated analytically and are proportional
to the corresponding semi-axes:

Ii ∼ r2

i . (19)

Therefore the square roots of the principal moments λx, λy and λz are propor-
tional to the semi-axes rx, ry and rz. So the ratios

pxy =
λy

λx

=
ry

rx

and p =
λz

(λx + λy)/2
=

rz

(rx + ry)/2
(20)

also describe the shape of an object.
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6 Results and discussion

Three different types of simulations with different sets of parameters were
performed.

The first simulation described in Chapber 6.1 tested my DPD program. Scal-
ing laws for homopolymer chains according to [6] were reproduced.

A simulation to test programs for analysis of the aggregates is presented in
Chapter 6.2. I simulated self-assembly of short copolymer chains according to
[17].

These two simulations proved, that all my programs work properly.
In Chapter 6.3 the results of the third set of simulations are presented and

discussed. Here we simulated a system of long copolymer chains chosen as close
as possible to the system studied experimentally in our research group [4]. This
system will be studied in a subsequent work in more detail.

In all three simulations, the repulsive coefficients between the same species
aii were set to 25 and the simulation timestep ∆t was set to 0.05. The noise
amplitude σij was 3 and therefore the friction coefficient γij was 4.5. The average
particle density is ρ = 3. The mass of all beads was set to 1. Another simulation
parameters are specified below.

6.1 Scaling laws for homopolymer chains

To test the functionality of our programs, I reproduced the scaling laws for
polymers in dilute solutions according to [6]. I have performed simulations with
a single polymer chain of lengths of 5, 10, 30, 50 and 100 beads in a box of a
solvent. The spring constant was set to 4. The repulsion parameter between
solvent and polymer particles was set to 25. The box length was 103 in the
first two simulations and 153 in the remaining simulations. The length of all the
simulations was 3 · 105 timesteps.

The average end-to-end length, Re, and relaxation time, τ , have been calcu-
lated and are both shown in Figure 2. Their power law fits are

Re = 1.06(N − 1)0.58 (21)

and
τ = 0.82N1.78. (22)

An example of the autocorrelation function for the polymer chain of the length
10 is shown in Figure 3. The exponential fit gives

f(x) = 1.07 exp (− x

45.9
), (23)

so the autocorrelation time τ = 45.9.
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These results confirm the data published in [6] and correspond well to the
classical results, which state that Re ∝ N0.6 and τ ∝ R3

e [2].
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Figure 2: Scaling laws for polymers: (a) end-to-end distance, (b) relaxation time
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Figure 3: ACF and its exponential fit from the simulation with polymer chain
length N = 10
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6.2 Self-assembly of short copolymer chains in a selective
solvent

The behaviour of short DPD chains according to [17] was reproduced to test
my programs. I simulated a system of 270 short block copolymer chains consisting
of 5 solvophobic beads and 10 solvophilic beads, A5B10, in a cubic box (303).
In accordance with [17], the harmonic spring constant k was set to 100 and
equilibrium distance r0 = 0.7. The repulsion parameters aij between the different
species were set as follows: aAS = 40, aBS = 26 and aAB = 50 (S stands for
solvent). These values corresponds to the Flory-Huggins parameters: χAS = 4.6,
χBS = 0.3 and χAB = 7.6. The length of the simulation was 3 · 106 timesteps.

Three different criteria were used to discern associates from free chains. The
first assumes that only one contact couple of solvophobic beads from different
chains defines the associate. The second criteria assumes that 3 contact pairs of
solvophobic beads define the associate and the third criteria is 5 contact pairs.
The comparison of the distribution of aggregation numbers for these three recog-
nition criteria is in Figure 4a. The distribution functions for all three recognition
criteria have a similar shape with maxima and minima for the same aggregation
numbers (ca 5 and ca 20, respectively). In Figure 4b, the distribution of the
aggregate numbers for the most often used recognition criteria (one solvophobic
neighbour pair) is shown together with the statistical errors. It corresponds well
with the data published in [17].

 0
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 0.03
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Aggregation number

1 contact
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5 contacts

(a)

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0  5  10  15  20  25  30  35  40

Aggregation number

(b)

Figure 4: (a) The comparison of the distribution functions for the recognition
criteria based on 1, 3 and 5 neighbour solvophobic pairs and (b) the distribution
function of the aggregation numbers according to the recognition criteria based
on one negihbour solvophobic pair.
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The weight and number average of aggregation number 〈P 〉w and 〈P 〉n was
calculated to be 20.75 and 6.59, respectively, so the polydispersity index is 3.1,
which also corresponds well to the published results [17].

Snapshots of a few randomly chosen aggregates are shown in the Figure 5.

Figure 5: Snapshot of five randomly chosen aggregates with aggregation numbers
1, 5, 20 and 30.

The radius of gyration and the shape characteristics of the micellar cores,
which were not published in [17], were also calculated. In Figure 6 the radius
of gyration, Rg, is plotted against the aggregation number, P , in a logarithmic
scale. The power law fit yelds

Rg = 0.634P 0.322.

 0.5
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R
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Aggregation number

Figure 6: The radius of gyration as a function of the aggregation number.

The selected shape characteristics are shown in Figure 7. The relative shape
anisotropy of the collapsed block of the unimer is about 0.4, which tells us that
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it has a rather cylindrical symmetry. For dimers and trimers κ2 ≈ 0.25, which
suggests a regular planar symmetry. From the aggregation number P ≈ 10, the
relative shape anisotropy, κ2, is almost constant and very low (ca 0.1), which
indicates a higher symmetry. These tendencies can be seen also in the snapshots
in Figure 5.

The conformational behaviour may also be illustrated by ratios of semi-axes
of a rotationally equivalent homogeneous ellipsoid, rx, ry and rz. For the unimer
ry ≈ 1.8rx and rz ≈ 2.4 rx+ry

2
and the unimer core has a very low symmetry.

Both pxy and p ratios decrease relatively quickly and have from the aggregation
number ca 10 almost constant values. The limiting values pxy ≈ 1.2 and p ≈ 1.5
signalise prolate cylindrical shape rather then a spherical one. The micellar cores
are so dense, that they do not content any solvent beads. So for the higher
aggregation numbers the maximum value of the two smaller semi-axes is limited
by the length of the solvophilic block, so the core can grow only in one direction
and has a cylindrical symmetry.

6.3 Acidic solutions of poly(methacrylic acid)-block-
poly(ethylene oxide) (PMAA-b-PEO)

I simulated a system that is very similar to the one studied experimentally
in our research group [4] – a block copolymer of poly(methacrylic acid) (PMAA)
and poly(ethylene oxide) (PEO) in aqueous solution. Both blocks of the poly-
electrolyte are composed of the same number of monomers (in hundreds). PEO
monomer unit is a about 1.25 times longer. Because DPD requires that all the
beads are of the same size, 100 DPD particles of PMAA corresponds to about
125 PEO beads. In the future work we plan to add to the simulated system a
surfactant, so the volume of one DPD particle has to correspond to the surfactant
head. Therefore we chose the numbers of DPD beads to be 310 PEO and 255
PMAA.

In this work, the system was studied at pH 1, when the dissociation of the
carboxyl group was suppressed, the ionic strength was fairly high, the electro-
static interactions were screened and could be neglected. At these conditions, the
PMAA block behaves as a pseudoneutral fairly solvophobic chain and is relatively
collapsed and the PEO block is more soluble and quite expanded. Further in this
work the PMAA block is reffered to as A-block and the PEO block as B-block.

For the repulsive parameters aij between different species the Flory-Huggins
parameters χij were used to calculate the coefficients: between water and the
solvophobic A-block χWA = 4 and therefore aWA = 38.1; between the two blocks
χAB = 1.2, so aAB = 28.3 (W stands for water). For the interaction between
water and the B-block two different values of aWB were used – in the first set
of simulations water was a good solvent for the B-block, so χWB = 0.1 giving
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Figure 7: (a) The relative shape anisotropy (solid line) as a function of the
aggregation numbers together with the distribution of the aggregation numbers
(dashed line). (b) The ratio pxy of the two smaller semi-axes of the rotationally
equivalent homogeneous ellipsoid (dashed line) and the ratio p of the longest
semi-axis to the average value of the smaller ones (solid line).
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aWB = 25.3, in the second set the water was a worse solvent and χWB = 1.2 and
therefore aWB = 28.3. Further in this work the B-block in the simulations with
the lower value of χWB is reffered to as the solvophilic B-block, while the B-block
in the simulations with the higher value of χWB is reffered to as the solvophobic
B-block.

The spring constant in all simulations was set to 4. The simulations were
performed in a cubic box (503) under periodic boundary conditions with 375 000
DPD particles, starting from a conformation with a collapsed A-block to obtain
equilibrium more quickly and because otherwise the box would have to be larger
and much more computational time would be needed. The length of every sim-
ulation was about 2 · 106 simulation steps. We performed simulations with 2,
4, 6, 8 and 12 copolymer chains in the box, which in practical terms means the
concentrations 0.3 vol%, 0.6 vol%, 0.9 vol%, 1.2 vol% and 1.8 vol% respectively.

I calculated the radius of gyration, Rg, for both the core and the whole micelle
for both sets of parameters. The radius of gyration, Rg, for the micellar core is
independent of the number of the chains in the box (polymer density) as well as
solubility of the B-block as is shown in Figure 8a, where Rg of the cores is plotted
against the number of chains in the box for unimers, dimers and trimers for both
sets of simulation parameters. The dashed lines represent the set of simulations
with the solvophilic B-block, while the solid line represent the simulations with
the solvophobic B-block. The small differences are within statistical errors.

The results for the micellar core as a function of the aggregation number in a
logarithmic scale are shown in Figure 8c and d. The scaling law fit for both the
solvophobic and the solvophilic B-block is

Rg = 2.3P 0.32 (24)

The radius of gyration for the whole micelle with the solvophobic B-block is
shown in Figure 8b. The statistics is worse in this case, because the relaxation
time is ten times longer (5 000 simulation steps) than that for the radius of
gyration, Rg, for the micellar core. The aggregation numbers 1 and 2 had to be
excluded entirely. The power law fit gives

Rg = 3.1P 0.30. (25)

For the simulations with the solvophilic B-block, however, the relaxation time
is too long (about 2 · 104 simulation steps) for any conclusive results without
performing much longer simulations, because the B-block does not surround the
micellar core.

Snapshots of aggregates with aggregation numbers 2 and 6 from both sets of
simulations are shown in Figure 9, where the difference between micelles with
the more soluble and less soluble B-blocks can easily be seen – the solvophobic
B-block surrounds the micellar core closely, while the solvophilic one is dissolved
in water.
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Figure 8: Radius of gyration: (a) the micellar core for different number of chains
in the box for both sets of parameters (from bottom to top: unimer, dimer and
trimer; the dashed lines stand for the simulations with the solvophilic B-block and
the solid lines for the simulations with the solvophobic B-block); (b) the whole
micelle with the solvophobic B-block; the micellar core with (c) the solvophobic
B-block and (d) the solvophilic B-block
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(a) solvophilic B-block (b) solvophobic B-block

Figure 9: Snapshots of randomly chosen aggregates both with the solvophilic
B-block and the solvophobic B-block; the numbers denote aggregation numbers
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Figure 10: Number particle density as a function of the distance from the center of
mass of the core for the micelle with the solvophobic B-block and the aggregation
numbers (a) P = 1 and (b) P = 6 and the solvophilic B-block with the same
ggregation numbers (c) P = 1 and (d) P = 6
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This can also be observed in Figure 10, where a number particle density from
the center of mass of the micellar core is displayed for unimers (P = 1) and
for micelles with aggregation numbers P = 6 for both the solvophobic and the
solvophilic B-block. The number particle density in the micellar core is higher
than the average density set in the simulations (ρ = 3) and the core has a
sharp boundary. Also there are no solvent particles present inside the core. The
difference in micellar core size can be seen there, too, as well as the fact, that it
is independent on the solubility of the B-block. The density of the solvophobic
B-block is much greater than the density of the solvophilic B-block, which shows
that the solvophobic B-block surrounds the micellar core closer.
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Figure 11: Relative shape anisotropy for the simulations with (a) the solvophobic
B-block and (b) the solvophilic B-block

The relative shape anisotropy for the micellar core were calculated and are
shown in Figure 11. The relative shape anisotropy, κ2 for unimer is around 0.03,
therefore it has a relatively high degree of symmetry. For higher aggregation
numbers κ2 further decreases, so the micellar core symmetry increases.
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7 Conclusions

I developed an original C-code for dissipative particle dynamics simulation of
the conformational and self-assembling behaviour of copolymer chains in selective
solvents together with new software package for simulated data processing. I per-
formed simulations for two different systems to test the function of my programs.
At first, I reproduced the known scaling laws for linear homopolymer in dilute
solutions according to [6]. At second, I simulated the self-assembly of short DPD
copolymer chains in selective solvents with the same parameters as Sheng [17]. I
reproduced the published distribution of aggregation numbers. I also studied the
relationship of the radius of gyration and the other shape characteristics of the
micellar cores and the aggregation number, which were not published in [17]

The self assembly of long copolymer chains in selective solvents was the most
important part of my simulations. The simulated systems were chosen to be
as close as possible to the system studied experimentally in our research group,
i.e. block copolymer of poly(methacrylic acid) and poly(ethylene oxide) in acidic
aqueous solution [4]. In this work the pH value is about 1, so the ionic strength
is fairly high, the electrostatic interactions are screened and therefore they may
be neglected.

8 Plans for the diploma thesis

In the future work, self-assembly of long polyelectrolyte block copolymers
(PMAA-b-PEO) with cationic surfactant (N-dodecylpyridinium chloride) in aque-
ous solutions will be simulated under different pH values, ionic strengths, surfac-
tant concentrations, etc.
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[9] Español P.: Dissipative particle dynamics revisited. Challenges in Molecular
Simulations, p. 59-77 (2002).

[10] Gai J.-G. et al.: Dissipative particle dynamics and Flory-Huggins theories for

predicting the rheological behavior of ultrahigh molecular weight polyethylene

blends. Ind. Eng. Chem. Res., 49, p. 11369-11379 (2010).

[11] Nikunen P., Karttunen M., Vattulainen I.: How would you integrate the

equations of motion in dissipative particle dynamics simulations?. Computer
physics communications 153, p. 407-423 (2003).

[12] Binder K.: Monte Carlo and molecular dynamics in polymer science. Oxford
university press (1995).

[13] Theodorou D. N., Suter U. W.: Shape of unperturbed linear polymers:

polypropylene. Macromolecules 18, p. 1206-1214 (1985).

23



[14] Newkome G. R., Moorefield C. N., Vogtle F.: Dendrimers and dendrons:

Concepts, syntheses, applications. Wiley-VCH, Weinhim (2004).

[15] Lee H., Larsson R. G.: Molecular dynamics studies of 0% and 90%-acetylated

G5 PAMAM dendrimers in water and methanol. J. Phys. Chem. B. 110, p.
4014-4019 (2006).

[16] Cheng L., Cao D.: Effect of tail architecture on self-assembly of amphiphiles

of polymeric micelles. Langmuir, 25, p. 2749-2756 (2009).

[17] Sheng Y.-J., Wang T.-Y., Chen W. M., Tsao H.-K.: A-B diblock copoly-

mer micelles: Effects of soluble-block length and component compatibility. J.
Chem. Phys., 111, p. 10938-10945 (2007).

24


