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Abstract

This doctoral thesis focuses on the study of electrostatic self- and co-assembly
in complex polymer solutions containing polyelectrolyte (PE) block copolymers
together with surfactants, neutral homopolymers, or oppositely charged PEs us-
ing the dissipative particle dynamics (DPD). It was shown that the electrostat-
ic self-assembly depends not only on the cooperative interactions of oppositely
charged PE chains, but also on the amphiphilicity of PE species or on the polymer
block compatibility, among other properties. PEs with incompatible blocks cre-
ate well-defined core-shell structures, while large ill-defined crew-cut aggregates
form from PEs with compatible blocks

In non-stoichiometric mixtures of PEs with incompatible blocks, co-assembled
nanoparticles are smaller than in stoichiometric mixtures and are charged. The
destabilization of larger aggregates depends on how the PE charge surplus is
introduced: the effect is strongest when the density of the surplus PE charge
on the PE chains is increased and weakest when the PE chains with the surplus
charge is elongated. In all cases, the surplus aggregate charge concentrates on
the aggregate core-shell interface, where oppositely charged counterions partly
offset the aggregate charge. The magnitude of the aggregate surplus charge is
proportional to the surplus PE charge of the system.

It was also shown that the solubilisation of neutral chains into electrostatically
co-assembled nanoparticles in non-stoichiometric systems may affect nanoparti-
cle structure, especially in systems containing homopolyelectrolytes. If the solu-
bilised chains are short, they can replace some of the homopolyelectrolytes and
even reverse the aggregate surplus charge.

The DPD simulations reproduced the experimental results of the self-assembly
of poly(N-isopropylacrylamide) (PNIPAm) modified by carboxyl and dodecyl ter-
minal groups and its co-assembly with cationic surfactant dodecylpyridinium chlo-
ride for small amount of added surfactants. The discrepencies for large amount of
added surfactant were explained as effects of specific interactions (i.e., redistribu-
tion of hydrogen bonds between PNIPAm units and water) that are not included
in the DPD model.

Keywords: polyelectrolytes, block copolymers, electrostatic assembly, computer
simulations, dissipative particle dynamics
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Nézev: Studium asocia¢niho chovani amfifilnich kopolymeru v roztocich ob-
sahujicich nizkomolekularni latky pomoci pocitacovych simulaci

Autor: Mgr. Karel Sindelka

Department: Prirodovédecka fakulta, Univerzita Karlova

Supervisor: Doc. Ing. Zuzana Limpouchové, Csc.

Abstrakt

Dizertacni prace se zabyva studiem elektrostatické asociace v polymernich roz-
tocich obsahujicich blokové polyelektrolytové (PE) kopolymery spolu se surfak-
tanty, neutralnimi homopolymery nebo jinymi opac¢né nabitymi polyelektrolyty.
Bylo ukazano, ze tvorba asociatu zavisi nejen na kooperativnich elektrostatickych
interakcich mezi opacné nabitymi PE fetézci, ale i na charakteru amfifilnich in-
terakci polyelektrolytu a na kompatibilité kopolymernich bloku. Polyelektrolyty
s nekompatibilnimi bloky tvofi jasné definované struktury s hydrofobnim jadrem
a rozpustnou slupkou, zatimco v ptipadé polyelektrolytu s kompatibilnimi bloky
vznikaji velké nejasné definované ,crew-cut“ agregaty.

V nestechiometrickych smésich PE kopolymeru s nekompatibilnimi bloky jsou
agregované nanocastice mensi nez ve stechiometrickych smésich a tyto nanocastice
jsou navic nabité. Nestabilita vétsich agregatu zavisi na zpusobu zavedeni pre-
bytku naboje: nejvétsi efekt je v pripadé, kdy se zvysi nabojova hustota na jed-
notlivych rtetizcich, a nejmensi je v piipadé, kdy jsou nabité retézce prodlouzeny.
Ve vsech pripadech se nevykompenzovany naboj koncentruje na rozhrani jadra a
slupky, kde je ¢asteéné odstinén opacné nabitymi protiionty. Velikost celkového
naboje agregatu je primo umérna prebytku daného naboje v roztoku.

Také bylo ukazano, ze solubilizace neutralnich fetizku do agregatu vzniklych v
nestechiometrickych smeésich diblokovych polyelektrolytovych kopolymert s opac-
né nabitymi homopolyelektrolyty muze ménit strukturu agregované nanocastice.
Krétké solubilizované tetizky mohou nahradit ¢ast homopolyelektrolyti a tim
zménit znaménko celkového naboje agregatu.

Pomoci DPD simulaci byly dale zreprodukovany vysledky experimentalnich
méfeni spontanni asociace poly(N-isopropylakrylamidu) (PNIPAm) modifikova-
ného karboxylovou a dodecylovou koncovou skupinou a jeho koasociace s kation-
tovym surfaktantem (dodecylpyridinium chlorid) pro mald mnozstvi pfidaného
surfaktantu. Rozdilné vysledky simulaci a experimentdlnich méfeni pro velka
mnozstvi pfidaného surfaktantu souvisi se specifickymi interakcemi (redistribuce
vodikovych vazeb mezi monomery PNIPAmu a vodou), které nejsou zahrnuty v
DPD modelu.

Klicova slova: polyelektrolyty, blokové kopolymery, elektrostaticka asociace,
pocitacové simulace, disipativni ¢asticova dynamika
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1. Aim

I aimed to improve the knowledge on polyelectrolyte behaviour in complex solu-
tions from the thermodynamic point of view. The simulations presented in this
thesis aimed to improve our understanding of electrostatic assembly in aqueous
solutions of amphiphilic block polyelectrolyte copolymers. I focused on the rela-
tionship between the properties and structure of self- and co-assembled nanopar-
ticles and characteristics of their individual components because this information
can be used to interpret of experimental results.



2. Introduction

Self-assembly of amphiphilic block copolymers in aqueous media is an impor-
tant phenomenon, which has been attracting the interest of scientists for several
decades. Self-assembled nanoparticles (e.g., micelles, vesicles, or multicompart-
ment aggregates) are find applications in various fields as, for example, nanocar-
riers for targeted drug delivery, for imaging probes, or for pollutant removal [1,2],
because they can be controlled by external stimuli, such as temperature, pH,
or ionic strength. Electrostatically co-assembled polyelectrolyte (PE) nanostruc-
tures are interesting because these inter-polyelectrolyte complexes (IPECs) are
particularly sensitive to electrostatic external stimuli (e.g., pH or salt concentra-
tion).

Electrostatic self- and co-assembly of polyelectrolytes with other species, such
as surfactants or neutral polymers, is controlled by an interplay of enthalpic,
electrostatic, and entropic effects. The enthalpic contribution derives from dif-
ferences in solubility and in compatibility between polymer blocks, whereas the
electrostatic contribution derives from interactions between charged monomers
and between them an small counterions. In turn, the entropic contribution de-
rives from the release of small counterions and from changes in conformations of
polymer chains.

Kataoka and his co-workers were the first group of scientists studying elec-
trostatically stabilised nanoparticles based on biocompatible polypetides for drug
delivery purposes in the 1990’s [3,4]. Concomitantly, Kabanov et al. [5] introduced
model nanoparticles containing block PEs and oppositely charged homopolyelec-
trolytes and showed that such complexes represent a new class of hybrid ma-
terials. These materials combine properties of polyelectrolyte complexes and
block copolymer micelles. Since then, interactions between PEs and oppositely
charged PEs, surfactants, other organic (usually multiply charged) ions, or inor-
ganic nanoparticles have been experimentally studied, and many systems (either
fully biocompatible systems for medical applications, nanoparticles for nanotech-
nologies, or well-defined synthetic model systems) have been developed [6-13].

Relatively few problems in polymer self- and co-assembly, including electro-
static assembly, have been studied by computer simulations because the system
size and complexity usually exceed the capabilities of even modern supercomput-
ers. For example, the self-assembly of neutral chains was studied using lattice
Monte Carlo simulations [14-18]. Several specific problems of the electrostatic
assembly were studied using finely coarse-grained simulations, e.g., interactions
between a single PE chain and surfactants in infinitely dilute solutions [19,20], the
association of two oppositely charged PE chains [21,22], ionomer self-assembly
into cylindrical aggregates [23], or interactions between PE chains and oppositely
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2. Introduction

charged surfaces [24,25]. Biologically relevant interactions of charged globular
macro-ions have been studied by Linse at al. [26,27]. Dobrynin et al. studied the
complex problem of the self-assembly of a mixture of PEs, polyampholytes and
counterions using finely coarse-grained molecular dynamics [28].

Theoretical studies have described the association of surfactants with oppo-
sitely charged PEs by Hansson [29] or interactions between PEs and charged
globular objects [30-32]. Voets and Leermakers [33] formulated self-consistent
field theory for electrostatic co-assembly where the co-assembly mechanism is the
electrostatic attraction leading to charge compensation.

Nevertheless, some aspects, including the role of polymer block amphiphilic-
ity, have never been systematically studied because research has mostly focused
on the development of nanoparticles readily applicable in fields such as targeted
drug delivery. Polymer amphiphilicity results from the chemical structure. Many
synthetic and natural PEs (e.g., poly(methacrylic acid) or sulfonated polysterene)
contain a hydrophobic backbone, and their properties in aqueous solutions strong-
ly depend on the content of pendant hydrophilic groups that are either permanent-
ly charged or ionizable. The intricate interplay between the polymer hydropho-
bicity and the presence of electric charges accounts for the specific properties of
aqueous PE solutions. Pearl-necklace structures formed in a specific range of
solvent properties and charge densities for quenched (i.e., strong) PE [34, 35],
and for annealed (i.e., weak) PEs [30] are an example of the rich conformational
behaviour of PEs.

During the past decade, the dissipative particle dynamics (DPD) simulation
method emerged as a versatile tool for studying the behaviour of polymer systems
[37,38]. DPD has also been used to study co-assembling copolymer and PE
systems [39,40].

In this work, I used DPD to study electrostatic co- and self-assembly in sys-
tems containing block copolymers with soluble neutral blocks and PE blocks and
homopolyelectrolytes as well as interactions of the resulting IPEC nanoparticles
with neutral polymers. The work addresses several aspects of aggregation pro-
cesses: the effect of PE block hydrophobicity on aggregation number and aggre-
gate structure; the effect of polymer block compatibility; the role of electrostatics
in the stoichiometric and non-stoiciometric mixtures of oppositely charged PE
species; and the effect of the compatibility of small counterions with PE species,
which emulates specific ion effects.



3. Theoretical background

3.1 Polymer self-assembly

Block copolymers can self-assemble to form microphases. In a selective solvent,
less soluble blocks aggregate to minimise their unfavourable interactions with the
solvent. This drives the formation of an aggregate core that in turn reduces the
translational entropy of the polymer chains. More soluble blocks form a shell that
is swollen by the solvent and stabilises the self-assembled nanoparticle. Therefore,
this process results from the intricate interplay between the decrease in enthalpy,
which supports polymer self-assembly, and the decrease in entropy, which hinders
it.

The structure and symmetry of the aggregates depend on the relative strengths
of the interactions as well as on composition and architecture of the block copoly-
mers [41]. Block copolymers, similarly to surfactants, self-assemble into micelles
only above a threshold concentration, the so-called critical micelle concentration.
This concentration is much lower for polymers than for surfactants.

Electrostatic self- and co-assembly of PEs with other species, such as surfac-
tants or neutral polymers, is controlled by the interplay of enthalpic, electrostat-
ic, and entropic effects. The enthalpic contribution derives from the difference in
solubility and compatibility of the polymer blocks, the electrostatic contribution
derives from the interactions between charged monomers and between them and
small counterions, and the entropic contribution derives from the release of small
counterions and from changes in the conformations of PE chains.

The presence of opposite charges on different chains is a prerequisite for elec-
trostatic assembly. However, the net contribution of electrostatics to the Gibbs
function is fairly small and is not the driving force; if two charges interact over
a given distance, the interaction energy is the same irrespective of whether it in-
volves two small ions, a charged monomer unit and a small ion, or two charges on
a polymer chain. Because PE charges are interconnected, the cooperative char-
acter of electrostatics promotes the aggregation process, but the main driving
force is entropic. Even though the aggregation of several bulky polymer chains is
accompanied by a small decrease in entropy, large numbers of small mobile coun-
terions, which were close to the PE chains to offset their charge, are released upon
aggregation. Therefore, the entropy of small counterions increases considerably,
which drives electrostatic assembly.

However, neither the electrostatics nor the entropy of the released ions controls
aggregate properties such as aggregation number, size, shape, or inner structure.
Other factors, such as amphiphilicity of PE chains and incompatibility of chemi-
cally different water-soluble blocks, play a key role.
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3.2 Mesoscopic simulations of complex fluids

Polymer aggregation is too computationally expensive to study at an atomistic
level because the system is too large. To properly assess the equilibrium prop-
erties of aggregates, the simulation box must contain several large aggregates,
that is, tens to hundreds of polymer chains. Unfortunately, this is beyond the
capabilities of modern computers. Moreover, calculating long-range electrostatic
interactions significantly increases computational cost. Therefore, various sim-
plified approaches have been developed to enable studies of complex polymer
systems.

Mesoscopic modelling creates a bridge between the macroscopic and atomistic
scales, because it contains features from both worlds. For simulations of complex
fluids, several particle-based methods have been developed, such as smooth par-
ticle hydrodynamics, dissipative particle dynamics (DPD), fluid particle method,
or lattice Boltzmann method. For further details see, for example, [42-44].

3.2.1 Coarse-graining procedures in computer simulations

A general coarse-graining (CG) strategy is to reduce the number of degrees of
freedom by retaining only those important for the phenomena of interest. The
number of degrees of freedom is reduced by joining several atoms, molecules, or
clusters of molecules into a single particle. This simplification is accompanied
by a loss of chemical detail. Thus, phenomena at atomistic level cannot be
studied. Reducing the number of particles naturally leads to larger spatial scales.
Furthermore, the fastest processes (such as vibrations of bonds between light
atoms) are eliminated allowing for a longer time scale.

Coarse-grained simulations also bridge the atomistic and continuum approach-
es. The ability to compare the molecular scale approaches to continuum ap-
proaches may minimize errors in continuum modelling predictions by providing
more accurate estimates of thermodynamic states.

A coarse-grained model can be constructed in two ways: bottom-up and top-
down approaches. In the bottom-up approach, a coarse-grained particle is de-
signed by grouping together specific atoms (or molecules) and an effective coarse-
grained potential is based on analytical theory or on atomistic simulations. For
the top-down approach, both the particle and the potential is designed using
macroscopic observables (such as compressibility or solubility).

Figure 3.1 shows two coarse-grained schemes to design coarse-grained parti-
cles using the bottom-up approach for the diblock copolymer poly(vinyl pyridine)-
block-poly(ethylene oxide) (PVP-b-PEQO). The finer CG is indicated in blue, where
a coarse-grained particle A represents a PVP monomer and a particle B three
PEO monomers; conversely, the coarser CG is indicated in red, where A’ repre-
sents two PVP monomers and B’ six PEO monomers. Other CG schemes are
possible, and the choice depends on the studied phenomena.

In the second step, the appropriate potential has to be determined. There
are two commonly used methods: structure matching and force matching. In the
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Figure 3.1: Two examples of a coarse-grained model for PVP-b-PEO.

former approach, a structural feature of the coarse-grained system is mapped onto
the feature of the atomistic system, while in the latter, forces from the original
model are matched with those of the coarse-grained model.

The simplest feature for the structure matching is a radial distribution func-
tion (or a pair correlation function), which reproduces a pair-level structure be-
tween the atomistic and the coarse-grained models. To match the structure more
completely, higher order correlation functions must be used. In practice, only cor-
relations up to the third order are considered because determining higher order
correlations is currently infeasible [42]. Various methods can be used to calculate
the coarse-grained potential from the known structural features [42].

For the force-matching method, trajectory and force data may be collected
from ab-initio molecular dynamics (MD) simulations [45] or fully atomistic simu-
lations [46]. During the initial simulation, an average force acting on a predefined
set of coarse-grained sites (such as a centre of mass of a group of atoms) is as-
sessed. Fitting the resulted data provides the appropriate parameters for the
pairwise effective coarse-grained potential [42].

The top-down approach to CG uses experimental observables to define with
the effective coarse-grained force. A typical example is dissipative particle dy-
namics (DPD) [47], which uses a soft repulsive force between the coarse-grained
particles. In DPD, the compressibility of water at room temperature and mutual
species solubility are used to determine the parameters of soft repulsion. The
next section describes the DPD method.

3.2.2 Dissipative particle dynamic

The DPD technique for mesoscopic simulations of the hydrodynamic behaviour
of complex fluids was first proposed by Hoogerbrugge and Koelman [48,49] and
subsequently modified by Espanol and Warren [50].

DPD is basically a combination of MD, Brownian dynamics, and lattice gas
automata [51] an uses statistical mechanics to derive static and dynamic proper-
ties [52]. Similarly to MD, the progression of each DPD particle is governed by
the Newton’s second law,

dr; dp;

o = Ve % :ZFU? (3.1)
]

where r;, v; and p; are the position, velocity and momentum vectors of a particle

i, respectively. F;; is a total inter-particle force between particles ¢ and j. This

force is a sum of three components acting along the lines of particle centres

and conserving linear and angular momentum [53]. Specifically, the sum of a
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C
5

D

a dissipative or frictional force, F;;, and a random or

conservative force, F
stochastic force, F%,

= FS(HJ) + FB (rij7 Vz'j) + FE(I‘U), (32)

where r;; and v;; are an interparticle distance and a relative velocity between
particles ¢ and j, respectively. All forces act within an interaction sphere with a
cut-off radius r.. In most cases, the value of r. is the same for all particles, even
in a heterogeneous system. Therefore, all DPD particles have the same volume
and diameter [412].

To derive F$, a pairwise soft purely repulsive potential is usually used [47],

i)
7 7
—Lr.(1—--) e forry; <r.
2 Te

C

0 for ri; > r.

where a;; is a maximum repulsion between particles ¢ and j, r;; is their separation
distance and e;; = r;;/r;;, i.e., the unit vector in the direction of the separation
distance. Calculating negative gradient of the potential leads to the conservative

C
force, Fy,

Y

Clij (1 — %) eij fOI' rij S Te
Fj = ¢ (3.4)

0 for ri; > r.

Other pairwise force, such as the hard-core Lennard-Jones interaction, can also
be used, but it significantly reduces the computational efficiency of the DPD
model [54].

The dissipative force, F
through each other:

D

ij» represents a drag between two particles moving

Fi = —yiw” (rij)(es; - vijlei, (3.5)

where wP denotes a weighing function and v;; is a friction coefficient. The random
force, F%, represents random collisions between DPD particles [47]:

Ff; = aiij(rij)%eij, (36)
where (;; is a Gaussian random number with zero mean and unit standard de-
viation, o;; a noise amplitude, w® denotes another weighing function and At a
simulation timestep.

Espanol and Warren [50] showed that arbitrarily choosing one of the two
weighing functions in equations (3.5) and (3.6) fixes the other using through the
following formula:

wP = (wR)Q, (3.7)
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The relationship between the coeflicients in FB- and F% [47] can be expressed as
follows:
or; = 2kgT;, (3.8)

where kg denotes the Boltzmann constant and 1" is the temperature. These two
conditions are derived from the fluctuation-dissipation theorem and the dissipa-
tive and random forces act together as a thermostat.

Groot and Warren [47] used the compressibility of water at room temperature
to derive the formula

p
where p = N/V is the particle number density (V' is the simulation box volume,
and N is the total number of particles). In principle, p is a free parameter that can
be chosen arbitrarily. However, because CPU time per timestep and unit volume
increases with the squared density, the lowest possible density is desirable. Groot
and Warren [47] have shown that p = 3 is the lowest density for physically correct
behaviour, so usually a;; = 25kgT'.

Furthermore, Groot and Warren [47] have mapped the repulsion parameter
for unlike particles onto the Flory-Huggins theory. By comparing free energy of
the DPD and Flory-Huggins models, they derived a linear relationship between
a;; and the Flory-Huggins parameter, x;;:

_ 2app(ay; — ay)

ij = , 1
XJ kBT (3 O)

where a,, is a density-dependent proportionality constant. Assuming that p =3
and a;; = 25kgT simplifies the expression to [417]
Qij Qg

= —— +3.27v;; = 25+ 3.27;;. 3.11
lnT kBT+ Xij + Xij ( )

Solubility parameters, d;, can be used to determine the Flory-Huggins parameter,
Xij7 [55]
.._@(5._5.)2 (3.12)
i = kgT ~' 777 '

where Vppp is the volume of a DPD bead.

Polymers in the DPD method are usually represented by freely jointed chains.
Because DPD is a highly coarse-grained method, a harmonic spring is sufficient
to connect adjacent particles ¢ and 2 + 1:

F§i+1 = ks (rii+1—70) , (3.13)

where kg is a spring constant and ry an equilibrium distance between the two
beads. This distance is often set to 0, because the repulsive force alone maintains
the appropriate distance. A single DPD polymer bead usually represents a Kuhn
segment of the polymer. The DPD chains are interpenetrating chains (or phantom
chains), that is, the chains pass freely through each other [56].

12
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The Velocity-Verlet algorithm is usually used to integrate the equations of
motion:

H@+AOZHGHWM)Ahk(A®f“)

m;

Vi <t+ %) =v; (t) + %At%7
f(t+At)=f{ (t+ At), v (t+%>},
fi () + £ (t + At)

Qmi

(3.14)

Y

where f; represent the sum of all forces acting on a particle 7. The velocity pre-
diction, v;, is needed because the forces are velocity-dependant. This integrator
renders good results and keeps the temperature constant within 1% of the value
set for a relatively long timestep of At = 0.05 [57]. Other, more sophisticated
integrators developed for DPD simulations are shown in [57]. However, these
integrators increase the computational cost.

3.2.3 Electrostatic interactions in DPD

Due to the long-range nature of electrostatic forces, a typical simulation box is
not large enough. The distance at which electrostatic forces are still relevant
is several orders of magnitude larger than typical short-ranged forces (such as
the DPD soft forces or Lennard-Jones interactions); thus, periodic images of the
simulation box must be considered. Given IV particles, each with a position vector
r; and a charge ¢; in a cubic simulation box with periodic boundary conditions
of side length L and volume V = L3, the total electrostatic energy of the system
is

4iq;
47reoe ZZZ he¥ —I—jnL| (3.15)

i j>i n

where €y and €, are dielectric constants of vacuum and the reference medium,
respectively. The sum over an integer vector n considers the periodic images
of the simulation box and the terms ¢ = j are omitted for n = 0 (i.e., the
original simulation box). Even without the periodic images, the computational
cost to trivially calculate forces between all particle pairs is extreme, so a different
approach is needed for practical applications.

A widely used method to calculate long-range interactions is the Ewald sum.
In this method, Equation (3.15) is decomposed into two parts — a real space sum
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and a reciprocal space sum [58—60]:

. 1 erfc (ar;;)
Ut () = e (ZZ%%—% j

i j>i

2T — o 2
+7§@<k>s<k>s<—k>—ﬁ2%)’ (316)

1 k2 u , 2
Q (k) = —exp (—@> , S(k)= Zqi exp (tk-1;), k= 7 m, (3.17)
i=1

where erfc(z) is a complementary error function; parameter « controls the con-
tributions from the real and reciprocal space, assuring the convergence of both;
k is the magnitude of the reciprocal vector k; and m is an integer vector [58-60].
Equation (3.16) captures the long-range nature of electrostatics given by 1/r
in equation (3.15) very well. The real space sum is calculated as any other
short-range force, but the long-range part is efficiently calculated using Fourier
transform.

Equation (3.16) with point charges is well established in MD, where the
short-ranged forces between particles are hard-core (e.g., Lennard-Jones forces).
However, the soft DPD repulsion in Equation (3.5)) is problematic. While the
Coulomb potential in Equations (3.15) and (3.16) diverges at r = 0, the DPD
force does not. Therefore, using point charges is impossible because it would lead
to the formation of artificial ionic pairs and, consequently, unphysical behaviour.
To overcome this problem, Groot [61] proposed to spread out the point charge
into a charged cloud. He used a linearly decreasing charge density,

3
—3<1—L) for r < r,
s Te

0 for r > r,

pe(r) = (3.18)

where r, is the electrostatic smearing radius. Electrostatic field is then solved on
a lattice according to work of Beckers et al. [62]. However, the choice of charge
density is essentially arbitrary, so other charge distributions have been proposed.
Recently, Warren et al. [63] suggested a normalised Gaussean smearing,

20.a2

o) = (ero?) Few (512, (3.19)

where o, is the size of the Gaussian charge cloud.
The charge density distribution implemented in the DL_MESO simulation
package that T use is a Slater-type charge distribution [59],

1 2r
Pc = rXé exp (_A_e) ) (3.20)
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where ). is the Slater decay length of the charge distribution. It is impossible to
calculate potentials and forces using this charge density analytically, but there
are good approximations [64]. The interaction potential between two charged
distributions separated by a distance r;; is [59]:

lBQin

Tij

U;j = [1 = (1+ Bry) exp (=28ry) |, (3.21)

where 5 = 5/(8).) and [p is the Bjerrum length. The force between two charge
distributions (calculated as negative gradient of the potential) is [59]

e IBq:q;
F’ijl = 7’2. J {1 — exXp (—257“1']') [1 -+ 267’@' (1 + ﬁ’f’ij) ] } (322)
ij
Using Equations (3.21) and (3.22), the divergence of the classical Coulombic
term at r;; = 0 is removed, and the potential and force between two charged
distributions at r;; = 0 become finite quantities,
: el : el
'I‘BI—I}O U = ¢iq;Bls  and TBI_I}IO F =0. (3.23)
Because DPD requires all beads to have the same volume, a charged polymer
bead representing one Kuhn segment has the same size as its small counterion.
In reality, the counterion is much smaller and, therefore, this ion is thought of as
having a large solvation layer.

3.2.4 Reduced units and parameter mapping

Classical SI units are either too small or too large to be used in computer algo-
rithms. Hence, a set of reduced units is used instead. [58]. In DPD, the unit of
length is the cut-off distance of the short-range forces, r., energy is measured in
units of kg7 and the unit of mass is particle mass, m;.

The time unit was calculated by Groot and Rabone [65] on the basis of self-
diffusion of water as

to = (14.1£0.1) N2/3 [ps], (3.24)

where V., is the number of water molecules in one DPD particle. Therefore, one
simulation timestep corresponds to oAt ps in real time.

To determine the number of coarse-grained particles representing a real poly-
mer, nppp, several methods can be used [66]. For example, the characteristic
polymer ratio, C\,, defines roughly the number of monomers in one Kuhn seg-

ment as [40]
M

nppDp = KHC'H’
where M, and M, are the molar masses of the polymer and monomer, respective-
ly. There are empirical methods to determine C), [40], which is typically between
seven and ten.
Given (), the volume of DPD particle is Vppp = C, Vi, where V,, is the
volume of one monomer. From these parameters, the number of water molecules
in one solvent particle and other real units can be determined.

(3.25)
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4. Simulation details

4.1 Data analysis

All simulations were performed using the DL_MESO program for coarse-grained
simulations developed by Michael Seaton [67]. The simulation program saves
Cartesian coordinates of all DPD particles. I have created a suite of programs
to analyse the coordinates; the source code is available in github repository at
https://github.com/KaGaSi/AnalysisTools/releases (version v1.0 from 26
June 2018).

4.1.1 Statistical treatment of simulation data

I am interested in the properties of systems at equilibrium. Therefore, determin-
ing when the simulated system is equilibrated is of utmost importance. Although
calculating various physical properties described below is relatively straightfor-
ward, correctly determining their averages and estimating the errors can be chal-
lenging.

4.1.1.1 Equilibration period

Computer simulations generally start from a configuration that is far from the
equilibrium. The first task during analysis of simulation data is to estimate the
equilibration period that must be discarded before calculating any equilibrium
properties.

The time required to equilibrate the system is not known beforehand and can
span most of the simulation. There is no universal rule to determine the length
of the equilibration, but assessing the time dependence of various observables
may provide a good estimate. However, metastable states may not be easily
distinguishable from the true equilibrium. Performing a second simulation from
a qualitatively different starting configuration ensures that the simulation reached
the true equilibrium.

Figure 4.1 shows the weight average aggregate mass, (M), during the simula-
tion of a system containing stoichiometric amounts of oppositely charged diblock
copolymers with badly soluble PE blocks (Section 5.1.1). The simulation was
performed from two radically different starting configurations: a highly aggre-
gated configuration (the upper snapshot of the simulation box on the left side
of Figure 4.1) and a fully dissolved polymer (the lower snapshot). Both lines
reach a constant value at approximately 5 - 10* timesteps, which marks the end
of the equilibration period. However, a good practice is to at least double the
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Figure 4.1: Evolution of weight average aggregate mass, (M), for a system con-
taining stoichiometric amounts of oppositely charged diblock copolymers with
badly soluble PE blocks (Section 5.1.1). Snapshots of the two starting configura-
tions are shown on the left side of the figure, while a randomly chosen snapshot
of the equilibrated system is depicted on the right side.

equilibration period. In this case, 1-10° simulation timesteps are discarded be-
fore assessing equilibrium properties. Both simulations also converge to the same
average value, thus confirming that the system is not in a metastable state, but
at a true equilibrium. A randomly chosen snapshot of the equilibrated system is
shown on the right side of Figure 4.1.

Usually, running two (or more) long simulations for all studied systems is
unfeasible. However, similar systems behave similarly, so performing the second
simulation only for a few systems is reasonable.

4.1.1.2 Error estimation

When the proper equilibrium state and the equilibration period are determined,
average values of observables with statistical errors must be calculated. The
estimator (or average) of an observable O is a simple arithmetic mean,

1 N

where N is the number of measurements (or samples) and the subscript ¢ denotes
individual measurements. The estimator, O, is a random number fluctuating
around the expectation value, (O), which represents an average taken over the
whole population of all possible samples. Rather than assessing the fluctuations
of the estimator itself (which would require repeating a simulation many times)

—92 —

its variance, 0% = (O") —(0)? is estimated from the distribution of the individual

measurements ;. For N independent measurements, the statistical error is given
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by

2

2 _ 2 90,

where 03, is the variance (or the squared standard deviation) of the individual
measurements [68,69],

1 al =~ 2

However, the coordinates and velocities generated during computer simula-
tions are correlated, because only a small change occurs between two successive
steps. Although the mean given by equation (4.1) is unaffected by the correla-
tions, using equation (4.2) underestimates the statistical error. Therefore, the
autocorrelation time, 7, representing the number of steps between two uncorre-
lated states must be determined for each physical property [70].

Equation (4.2) can be rewritten to include the autocorrelation time of quantity

O, 1o, [68]:
2

¢ = "]32‘ 270. (4.4)

There are two definitions of the autocorrelation time. The integrated autocorre-
lation time, 7o jnt, is defined as

Toum = 5+ AU (4.5
where 0.0 o0

0%,
is the autocorrelation function of a time-lag j; (0;0;4;) = % Y oien i 0,0,4;.
For large time separations, j, the autocorrelation function decays exponentially,

AGG) 22 aexp( —J ) (4.7)

TO,exp

where 7o exp 1S the exponential autocorrelation time and a is a constant. The two
autocorrelation times are the same if A(j) is a pure exponential, otherwise the
two values differ slightly and 70 it < Toexp [71]-

However, the calculation of the autocorrelation function (and the subsequent
determination of the autocorrelation time) is a time-consuming procedure. For-
tunately, the exact value of 7 is unnecessary. Only an estimate suffices, provided
that a value greater than the estimate is used.

One of the commonly used methods to estimate 7 is the binning (or block)
method. The correlated data are divided into Ng non-overlapping blocks of size
J (N = jNg) with per-block averages, Og,, defined as

1 &
Og,p = 5 > 0, n=1,.Ng (4.8)

i=1+
(n=1)j
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If j > 7, the blocks are presumably uncorrelated, and equation (4.2) can be used:
ezz"—%:;f:(o]g _oy (4.9)
Ny Ng(Np— 1) &= °" ‘ ‘
Using Equation (4.4), an estimate of 7o is
_ Jjod
B 203,

TO (410)

because N = jNg.

From a practical standpoint, the estimator, O, and the expectation value,
(O), are interchangeable, and angle brackets denote all averages henceforth.

Knowing its mean and statistical error, any observable can be expressed as
(O) £ €. Under the assumption of a Gaussian distribution of the mean value,
approximately 68% of all simulations under the same conditions should yield a
mean value in that interval. The confidence increases to approximately 95%,
when using (O) + 2¢ [68,69].

4.1.2 Averages in polymer science

The simple arithmetic mean in Equation (4.1) is a universal formula to calculate
an average. However, three types of average can be obtained from experimental
measurements in polymer science.

For any physical quantity O, the number average, (O),, the weight average,
(O)y, and the z-average, (O),, respectively, are defined as [72]:

2

(0), = M7 (), = M, and (O), = M7 (4.11)
> Ni > Nim; > Nim?

where N; is the number of species ¢ with mass m; and a value of the physical

quantity O;. The definition of species depends on the studied system; it can refer

to individual polymer chains, to whole micelles, or to other types of colloidal

particles.

While the number average is a simple arithmetic mean, both weight aver-
age and z-average favour more massive species. For monodisperse species, the
averages are the same, otherwise (O), < (O)y < (O),.

For example, polymer molecular weight can be measured using many different
techniques: osmotic pressure measurements give the number average molecular
weight, (M),; light scattering measurements give the weight average molecular
weight, (M),,; and sedimentation measurements give the z-average weight, (M),.

4.1.3 Distribution functions

The averages defined above only express the average of any quantity O. Con-
versely, distribution functions provide information about the range of O values
and about the relative amounts of species with any given value.
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Number, weight, and z distributions, respectively, are defined as:

2
Ry (0) = ~No Fu(0) Nomo Nomg

> No,’ > No,mo, - >, Nomd,’

where Np, is the number of species with the value O; and the sums go over all
values of O;.

, and F,(O) (4.12)

4.1.4 Aggregation number

Aggregation (or association) number, Ag, is the number of chains in one aggre-
gate. First, an aggregate in a simulation must be defined. A simple recognition
criterion is used here: the number of contacts between every two chains is count-
ed, recording a contact when two solvophobic beads from different chains have
separation lower than a given value. The distance was chosen as r. because, at
that distance, the short-range inter-particle forces become zero. When the num-
ber of contacts is higher than or equal to another predetermined value, the two
chains are in one aggregate.

0.04
1 contact —=—
2 contacts—-e —

B ;
~0.02 3 3 contacts----a---

Figure 4.2: Weight distribution functions of aggregation number, Fy(Asg), for a
system presented in Section 5.3 for three possible aggregation criteria: 1, 2 and
3 contacts between polymer chains.

The comparison of the three recognition criteria, namely 1, 2, or 3 contacts
between two chains, is shown in figure 4.2 in which weight distribution functions
of aggregation number, Fy,(Ag), are plotted for the system presented in Section
5.3. The three lines significantly differ only in free chains, As = 1. Because this
work focuses mainly on the aggregation behaviour of polymer systems, any of the
three criteria can be safely used. I use the criterion of 1 contact.

4.1.5 Gyration tensor

Other experimentally measured characteristics include the size and shape of poly-
mer chains or aggregates. Radius of gyration, Rg, can be measured using, for
example, light scattering. R is also easily determined from computer simula-
tions. It is defined as the root mean square of the average squared distance of
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particles in a chain or aggregate from its centre of gravity, rcy, (assuming all
particles have the same mass) [73]:

N
1
R% = ~ > (ri—reum)?, (4.13)

=1

where NN is the number of particles forming the chain or aggregate. In macro-
molecular chemistry, the radius of gyration is an average over allowed confor-
mations, (R%). This is often used to describe conformational characteristics of
polymer systems and to compare experimental and theoretical results.

The radius of gyration can also be calculated using the gyration tensor, S,
which describes the second moments of the position vectors of the beads [74],

Z —7¢w) —T¢m) (4.14)

where 7" stands for the m-th Cartesian coordinate of r; and 7y, is the m-th
coordinate of rcy. The gyration tensor is a symmetric diagonalisable matrix
with eigenvalues (or the component of gyration tensor) g2 < g7 < g2.

The radius of gyration, Rg, is then equal to

Re = g, + gy + 9z (4.15)

Because the components of the gyration tensor are connected with the principal
half-axes of an equivalent ellipsoid, [, = \/5ga, l, = \/ggb, and, [, = \/590, the
gyration tensor can be used to indicate the shape of the chain or aggregate.
Asphericity, b, and acylindricity, ¢, are defined, respectively, as

b=gt— 5 (2 +a) and c=g— g (1.16)
The asphericity is a non-negative number equal to zero only when the particles
are distributed with spherical symmetry (or symmetry with respect to all three
coordinate axes). The acylindricity is a non-negative number equal to zero only
when the particles are cylindrically symmetric (or symmetric with respect to two
axes).

Using all three descriptors (Rg, b, and ¢), the relative shape anisotropy, #2,
can be defined as [75]

b +0.75¢2
2
K= —— 4.17
The relative shape anisotropy is bound between zero and one. For a structure with
tetrahedral or higher symmetry (for example a spherical aggregate, g, = g, = g.)
k? = 0, for a regular planar structure (g, = 0 and g, = g.) k* = 0.25, and for a
cylindrical structure (g, = g, = 0) k* = 1 [76].
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4.2 Electrostatic smearing

Proper parametrisation of the charge smearing is important to provide physically
correct results. In the Slater-type charge density from equation (3.20), the decay
length, A., was set to 0.67 by Gonzéalez-Melchor [59] to equate the electrostatic
force at » = 0 with the force in the Groot’s model [61]. However, this places
a significant part of the charge outside the DPD particle. We have shown that
Ae = 0.2 is a more appropriate choice [77-79]. Figure 4.3a [77-79] demonstrates
that, for A\e = 0.2, the charged cloud is mostly confined within the DPD particle
(with diameter » = r. = 1 as explained in section 3.2.2), while for A\, = 0.67
it stretches up to r =~ 3. Because an average separation between neighbouring
particles in a DPD fluid is typically r» &~ 0.7, the charged cloud when A\, = 0.67 is
smeared beyond neighbouring particles.

Another argument for choosing a lower value of A, is based on the definition
of the Bjerrum length, lg: the separation at which the electrostatic interaction
between two elementary charges is comparable in magnitude to thermal motion,
kgT [80]. At a distance r = lg, the electrostatic potential between opposite
unit charges should therefore be close to —kgT" (or -1 in reduced units). Figure
4.3b [77-79] plots the electrostatic potential from equation (3.21) as a function of
the charge decay length, \., in aqueous conditions, that is, [g = 1.1. The value of
Ae = 0.2 is the highest charge smearing that satisfies the definition; for A\, = 0.67
the electrostatic interaction is approximately 30% weaker than thermal motion.

3 T I T I T T I T T
N\ @ 020 — ] 0
2 A = 0.67 —---- 1T
ot 12 -0
1 N | L
/// \\‘\\\ B —1
4 L I ~~~'1"‘——|_
% 1 > 3 0
T

Figure 4.3: (a) Distribution of charge, Q(r), inside a spherical charged cloud
with Slater-type charge density for both values of the decay length, A.. (b)
Electrostatic potential, U¢', between two elementary charges of opposite sign at a
separation distance r = g = 1.1 (aqueous conditions) as a function of the charge
decay length, ..

Figure 4.4 [77-79] shows the electrostatic potential and force between two
charged clouds given by equations (3.21) and (3.22), respectively, as well as the
Coulomb potential and force between two point charges with ¢ = +1. In all cases,
the Coulomb law is captured well at long distances. However, at short distances,
the potential and force with A\, = 0.20 are closer to the Coulomb law.

The total interaction between two oppositely charged, compatible DPD par-
ticles ¢ and j (¢; = +1, ¢; = —1, and a;; = 25) is plotted in Figure 4.5 [77-79].
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Figure 4.4: (a) Electrostatic potential, U®, and (b) force, F*, between two
charged clouds, each with ¢ = +1 for the two values of decay length, A, in
aqueous conditions (I = 1.1). Coulomb potential and force are plotted for com-
parison.

Figure 4.5: Sum of the conservative, soft DPD potential, U®, and the electrostatic
potential, U, between two particles with a;; = 25 and charges +1 and —1 for
(a) Ae = 0.20 and (b) A\, = 0.67.

Both interactions are soft and do not diverge at r = 0, thus preventing the parti-
cles from collapsing on top of each other. The smaller change in overall potential
for A\e = 0.67 suggests that the large charge smearing weakens the electrostatics
and underestimates its role at short distances.

In this section, I have shown that using smaller charge smearing, A = 0.20, en-
sures that the charge is localised inside the DPD particle, that oppositely charged
particles do not collapse on top of each other, and that the overall inter-particle
force is soft allowing the integration step to be as long as that of simulations of
neutral systems.

In all simulations, I use a charge smearing A\ = 0.20, a Bjerrum length
Ilg = 1.10, an Ewald sum with electrostatic cut-off 3, a real space convergence
parameter o« = 0.975, and a reciprocal vector k = (5,5, 5).
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4.3 Studied systems

I studied self- and co-assembly in three distinct types of polymer systems. This
section provides details about the studied systems, and the results are provided
in chapter 5.

First, I extended the research from my Master’s thesis [77] (also published
in [78]) of the self-assembly in a system with stoichiometric amounts of oppositely
charged symmetric diblock copolymers containing a neutral soluble block and a
charged PE block to a non-stoichiometric case (i.e., systems with a surplus of one
type of PE charge).

Then, I modified my system and studied the co-assembly of a diblock copoly-
mer again with a neutral soluble block and a charged charged, albeit now with
oppositely charged homopolymers instead of another diblock copolymer. This
system was inspired by the experiments of Burgh, Keizer, and Stuart [81]. T
also assessed interactions between co-assembled nanoparticles and badly soluble
neutral homopolymers.

The third polymer system contained poly(N-isopropylamide) (PNIPAm) with
dodecyl and carboxyl terminal groups (mPNIPAm), which was experimentally
studied by my colleagues. I investigated the self-assembly of mPNIPAm and its
co-assembly with cationic surfactant dodecylpyridinium chloride (DPCI).

0049 O Polymer beads:
.: X .. : © © charged

000 ® ® neutral soluble
o0 ..9 ® necutral insoluble

© Counterions

[ )
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L I+)
o®
(+1 )
0000
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Figure 4.6: Schematic representations of the studied systems: (a) non-
stoichiometric system, (b) neutral chains in the presence of diblock copolymers
and homopolyelectrolytes, and (¢) modified PNIPAm (mPNIPAm) with ionic
surfactant.

Schematic representations of the three types of systems, described in more
details below, are shown in Figure 4.6.

In all simulations, the noise amplitude, o;;, and the particle density, p, are
both equal to 3 in accordance with Groot and Warren [47]. The friction coefficient
in the dissipative force is 7;; = a%/? = 4.5, and the timestep At = 0.05
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4.3.1 Non-stoichiometric mixture of oppositely charged
diblock copolymers

In accordance with [77,78], the diblock copolymers comprised of a fully soluble
neutral block and a charged block with varying solubility. In contrast with [77,
78], 1 focused on electrostatic co-assembly in non-stoichiometric systems, that is,
systems with an excess of one type of PE charge (offset by an appropriate amount
of small counterions to ensure overall neutrality).

Figure 4.6a schematically depicts the studied system. The negatively charged
copolymers were always Az B; (with gy~ = —1), while the length and charge of
the positive block in ABs copolymer varied to achieve up to 60% positive PE
charge surplus (i.e., the ratio of positive to negative PE charge was f; /T =1.0-
1.6). Table 4.1 shows interaction parameters in terms of both DPD repulsion,
a;;, and Flory-Huggins parameter, x;; (calculated using Equation (3.11)). The
size of the simulation box was 253 (or 323 for systems with compatible copolymer
blocks, ax g = 25).

Table 4.1: Repulsive parameters in terms of a;; and x;; for non-stoichiometric
mixtures of diblock copolymers (S stands for solvent and CI for counterions).

Q5 Xij
At/- B CI/~ S At/ B CIt/~ S
S 32.5-37.5 25 25 25 2338 0 0 0
Crt/- 2535 25-35 25 0-3.1 0-3.1 0
B 25-37.5 25 0-3.8 0
At/- 25 0

The volume fraction of A;Bs copolymer was always fi, = 0.021 (i.e., 100
chains in a simulation box 253 or 200 chains in a box 323), while the concentration
of A*B5 copolymer varied with the structure and charge of the A}t PE block. The
copolymers were immersed in a box containing solvent and counterion particles.
The amount of counterions matched to the number of PE particles, that is, no
salt was added.

The excess PE charge was achieved in three ways: (i) by increasing the number
of positive PE chains, (ii) by elongating the PE block, and (iii) by increasing the
charge density on the PE block.

In (i), the copolymer was A} Bs with ga+ = +1 and its volume fraction, fyf,
ranged from 0.021 to 0.034 (i.e., 100 to 160 chains in a box 25% or 200 to 320
chains in a box 32%). In (ii), the PE block length, n, ranged from 5 to 8, and the
number of A Bs (again with ga+ = +1) and A; Bs chains remained unchanged
(100 chains in a box 25% or 200 chains in a box 323%). Therefore, the volume
fraction of A;'B; copolymer ranged from 0.021 to 0.028. In (iii), the number and
length of both copolymer types remained unchanged (fy, = fiF = 0.021, i.e., 100
chains in a box 25% or 200 chains in a box 32%), but the charge of the positive PE

25



4.3. Studied systems 4. Simulation details

particles, ga+, ranged from 1.0 to 1.6.

The simulation lengths ranged from 10° to 5 x 107, depending on the length of
the equilibration period and on the rate of dynamics of the equilibrated system.

4.3.2 Mixture of diblock copolymers with oppositely
charged homopolyelectrolytes

This study was inspired by the experimental work of Burgh et al. [81], who studied
mixtures of diblock copolymers with a positively charged PE block and a solu-
ble block, poly((dimethylamino)ethylmethacylate)-b-poly(glycerylmethacrylate),
and negatively charged homopolyelectrolyte, poly(acrylic acid).

Burgh et al. proposed a symmetric speciation diagram depending on the
PE charge ratio. They assume that, in non-stoichiometric mixtures, free chains
coexist with small charged aggregates with a relatively loose structure, while
stable neutral micelles with compact cores and a narrow range of aggregation
numbers exist only close to a PE charge ratio of 1:1 (stoichiometric mixture).
As the charge ratio approaches 1:1, the concentration of free chains decreases
and that of aggregates increases. At a critical excess anionic (or cationic) charge
ratio, CEAC (or CECC), the concentration of free chains drops to zero and large
neutral aggregates start to form. Conversely, the concentration of loose charged
aggregates decreases and drops to zero at the charge ratio 1:1. The speciation
diagram has not been fully validated, neither experimentally nor theoretically.

Here, I try to reproduce the proposed scheme. According to [81], a corona
block three times as long as a core-forming PE block is a prerequisite for stable
micelles in this type of system. Therefore, I used a diblock copolymer A} B;s.
The oppositely charged homopolymer was of the same length as the PE block in
the copolymer, that is, C; chain. After assessing mixtures of these two species, I
added a neutral poorly soluble polymer of varying length, D,,. All charged beads
carried a unit charge and the repulsion parameters between all species are outlined
in Table 4.2. Figure 4.6b shows a schematic representation of this system.

The simulations were performed in a cubic simulation box of size 303. The
volume fraction of the diblock copolymer was fif = 0.064 (or 260 A7 By5 chains),
and the fraction of homopolymer was ranged from f;; = 0.0031 to 0.043 (or
50 to 700 C; chains). The ratio between negative and positive PE charges (or
between the numbers of homopolyelectrolytes and diblock copolymers) ranged
from fy /™ = 0.19 t0 2.70. The number of counterions corresponded to the number
of PE beads, that is, no salt was added. The volume fraction of badly soluble
neutral D,, chains ranged from fy; = 0.0062 to 0.018, and three chain lengths
were considered —n = 3, 5, and 7. This amounted to 167 to 500 D3 chains in the
simulation box, 100 to 300 D5 chains, or 72 to 214 D chains.

The simulation length again ranged from 10° to 5 x 107, depending on the
length of the equilibration period an on the rate of dynamics of the equilibrated
system.
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Table 4.2: Repulsive parameters in terms of a;; and yx;; for mixtures of diblock
copolymers with oppositely charged homopolyelectrolyte (S stands for solvent
and CI for counterions).

At B C- D &S, CIt/-
S, CI*/~ 33 25 33 33 25

D 25 25 25 25
C- 25 25 25
B 33 25
At 25
Xij
AT B C- D 8§, CIt/~
S,CIt/— 24 0 24 24 0
D 0O 0 0 0
C- 0 0 0
B 24 0
At 0

4.3.3 Mixture of modified poly(N-isopropylacrylamide)
with dodecylpyridinium chloride

The third system was studied in cooperation with experimentalists. We inves-
tigated the self-assembly of poly(N-isopropylacrylamide) (PNIPAm) modified by
dodecyl and carboxyl terminal groups (mPNIPAm) and its co-assembly with
cationic surfactant dodecylpyridinium chloride (DPCI).

PNIPAm is biocompatible [82] and water-soluble at room temperature, but
insoluble at body temperature. Therefore, PNIPAm is suitable for various stimuli-
responsive targeted drug delivery systems, such as polymer gels [83] and nanopar-
ticles [84]. Dehydration of PNIPAm structural units causes phase transition at
the lower critical solution temperature (LCST), which reflects the redistribution
of hydrogen bonds among PNIPAm units and water. LCST depends on PNIPAm
molar mass (LCST increases with the decrease in M) and on its architecture.
For example, multiarm PNIPAm stars have lower LCST than linear PNIPAm [85]
because the inner part of the star collapses at a lower temperature than the outer
part [86].

Block copolymers consisting of a PNIPAm block and a hydrophobic block form
micelles with PNIPAm coronas in aqueous solutions at room temperature. Heat-
ing the micellar solution above LCST collapses the dehydrated coronas, but phase
separation proceeds at a slower rate than in the PNIPAm homopolymer [87]. Re-
cently, PNITPAm modified by dodecyl and carboxyl terminal groups (mPNIPAm)
was shown to form micelles in aqueous media with the core consisting of dodecyl
groups and with the carboxyl groups located in the corona periphery [88]. These
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micelles do not undergo phase separation above LCST of PNIPAm if the carboxyl
groups in the periphery of the micellar corona are ionized. Moreover, cloud point
temperature of mPNIPAm grows with the increase in the degree of ionization of
carboxyl groups [89)].

In the DPD model, I mapped the mPNIPAm chain onto the diblock A3BogB™.
The short Az block emulated the dodecyl group, the long Bog emulated the PNI-
PAm block, and the B~ emulated the terminal charged carboxyl group. The
relative lengths of the two blocks were set according to the experimental mea-
surements of the radius of gyration of pure mPNIPAm in aqueous solution. The
cationic surfactant dodecylpyridinium chloride was simulated as AsH™; the Aj
tail is the same as in the mPNIPAm chain because, in both cases, it emulated a
dodecyl group, and H" emulated the charged surfactant head. Figure 4.6¢ shows
a schematic representation of this system. Table 4.3 shows the repulsion param-
eters obtained using light scattering measurements of pure mPNIPAm solution.
The parameters of surfactant head, ay+ ;, were determined from the solubility of
the pyridinium group.

Table 4.3: Repulsive parameters in terms of a;; and ;; for the systems with
mPNIPAm and DPCI (S stands for solvent and CI for counterions).

Qjj Xij
A B,B- H* S, CIt/- A B,B- H* S, CIt/-
S, CIt/— 485 27 25 25 72 061 0 0
H+ 25-50 25 25 0-76 0 0
B, B~ 40 25 4.6 0
A 25 0

To have a sufficient number of chains in the simulation box, I used a relatively
high mPNIPAm volume fraction of f{; = 0.050, which amounted to 123 A3BagB~
chains in a simulation box of size 303. The amount of added surfactant ranged
from f{ = 0 to 0.021 (i.e., from 0 to 430 chains). Because both the surfactant
head, H" beads, and the carboxyl group, B~ beads, always carried a unit charge
(gu+ = +1 and ¢gg- = —1), surfactant-to-mPNIPAm chain ratio (or H-to-B~

charge ratio), ;/p, ranged from 0 to 3.5.
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5.1 Non-stoichiometric mixtures of oppositely
charged diblock copolymers

In this section, I present the simulation results of electrostatic co-assembly of
mixtures of diblock copolymers containing a soluble neutral block and a poorly
soluble PE block (aa s = 32.5, 35, or 37.5). The compatibility of the copolymer
blocks (aa g = 25 or 35) and the compatibility of counterions with the copolymer
blocks (aa.c1 = 25 or 35 and apcr = 25 or 35) varied. I assessed three possible
ways to introduce PE charge imbalance, using systems with a varying amount of
positive PE chains, a varying length of positive PE block, and varying charge of
positive PE beads. See Section 4.3.1 for a more detailed description.

The compatibility of counterions with copolymer blocks cannot be overlooked.
Interactions between ions and neutral insoluble polymers are usually unfavourable,
while interactions between ions and PE chains are usually favourable. The situ-
ation with compact insoluble IPEC cores is more complicated. Even though the
opposite PE charges offset each other and the overall core charge is zero, the core
contains ionized groups that favourably interact with counterions. However, in
salt-free solutions that contain only counterions to PE chains, the low ion con-
centration and the non-polar environment in the densely packed cores hinder the
penetration of ions into the cores. Nevertheless, different types of ions, such as
small non-polarizable alkali ions or large organic ions, behave differently. There-
fore, the effect of counterion compatibility with PE blocks must be assesssed.

The simulations of the systems with incompatible blocks were performed in a
simulation box 253, while those of the systems with compatible copolymer blocks
were performed in a box 323.

5.1.1 Stoichiometric systems

First, I summarize the properties of stoichiometric solutions of oppositely charged
diblock copolymers [77,78] as a reference system. The volume fraction of both
copolymer species was the same, fif = f, = 0.021. Three different A block
solubilities (aas = 32.5, 35, and 37.5) were considered and, in most cases, the
copolymer blocks were incompatible (aa p = aag). For the system with ay g = 35,
a system with fully compatible copolymer blocks, as g = 25, was studied.

Figure 5.1 shows weight distribution functions of aggregation numbers, F, (Ag),
for systems with incompatible copolymer blocks. In the most soluble case (Fig-
ure 5.la with ayg = 32.5), some aggregates are formed (up to Ag ~ 30), but
the system is not in the closed aggregation regime with a distinct peak in the
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Figure 5.1: Weight distribution functions of aggregation numbers, Fy (Ag), for
stoichiometric systems with poorly soluble PE blocks, specifically, (a) aas =
32.5, (b) axs = 35, and (c) axs = 37.5, and incompatible copolymer blocks
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(aA,B = CLA,S)-

distribution function. For less soluble systems, the peak is clearly visible and
moves with the decrease in solubility to higher aggregation numbers. Because
aggregates with fully offset charges are more stable than charged aggregates, the
distribution functions oscillate, and aggregates with even Ag are preferred. This
preference diminishes for high Ag because large aggregates tolerate surplus charge
better than small aggregates.

Figure 5.2 shows radial density profiles, RDPs, as a function of the distance
from the centre of mass of aggregates, r, with Ag = 32 (that is, the maximum of
the distribution function in Figure 5.1b). The aggregates are well-defined core-
shell particles with a core consisting of the PE blocks and with a shell consisting
of the neutral soluble blocks. The core is dense (with p & 3.2, that is, larger than
the average bead density, p = 3), while the shell is swelled by solvent. The red
and blue lines for AT and A~ PE beads overlap, thus indicating that oppositely
charged PE blocks are homogeneously intermixed and that electric charges are
offset at short distances. The non-negligible overlap between A and B blocks at
r € (1.5,3) suggests moderate intermixing between the two incompatible blocks
at the core-shell interface. However, the overlap is mainly an artefact of angular
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Figure 5.2: Radial density profiles, RDPs, of aggregates with Ag = 32 in the
stoichiometric system with poorly soluble PE blocks (as s = 35) and incompatible
polymer blocks (ay g = 35). Red line represents A™ beads, blue line A~ beads,
green line B, cyan line CI~, and magenta line CIT.
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averaging over all aggregates with the same Ag.

This conclusion is supported by the components of the gyration tensor in Fig-
ure 5.3. The ratio of the components for aggregate core, g.:g1:g., of aggregates
with Ag = 32 is 1:1.26:1.74. Therefore, the ensemble-average shape is close to
spherical symmetry; for comparison, the ratio for an ellipsoid representing and
ideal interpenetrating high-molar-mass polymer chain is 1.0:1.6:3.5 [90]. Nev-
ertheless, this deviation suffices to smear the core-shell interface in Figure 5.2.
Moreover, the simple aggregate recognition criterion (Section 4.1.4) counts even
a brief contact between solvophobic beads of two chains or aggregates as being
a new aggregate. Because such aggregates are not spherical, they both further
smear the core-shell interface in Figure 5.2 and increase the differences between
Ja, Gn, and g, in Figure 5.3. The ratio of the components of the whole aggregate
for Ag = 32 is 1:1.15:1.39. Thus, the aggregate shell decreases the deviations
from spherical symmetry.

Figure 5.3 also shows that both aggregate cores and whole aggregates are
enlarging with the increase in aggregation number, Ag. The ratio of the compo-
nents remains approximately the same. Hence, all aggregates (and their cores)
are spherical.

Figure 5.3: Components of the gyration tensor of aggregate cores (solid lines) and
whole aggregates (dotted lines) in the stoichiometric system with poorly soluble
PE blocks (aa g = 35) and incompatible copolymer blocks (aa g = 35). Red lines
represent g,, green lines gy, and blue lines g..

Snapshots of typical aggregates (Figure 5.4a) with Ag =~ 30 (i.e., close to the
maximum in the distribution function in Figure 5.1b) show the compactness of
the cores (lower row), their deviation from spherical symmetry, and the core-
shell structure (compare the whole aggregates in the upper row with the cores
in the lower row). The snapshot of the simulation box in Figure 5.4b shows the
coexistence of dimers and small aggregates with large similarly sized aggregates.

The behaviour of the system with fully compatible copolymer blocks (ax s =
35 and aap = 25) differs. Larger aggregates are formed (up to Ag ~ 350) and
the weight distribution function in Figure 5.5 is very broad, which suggests the
coexistence of differently sized aggregates.

Radial density profiles of aggregate with Ag = 72 (i.e., the maximum in the
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(b)

Figure 5.4: Snapshots of (a) typical aggregates with Ag &~ 30 (the upper row
shows whole aggregates, the lower row shows corresponding aggregate cores, that
is, PE beads) and (b) a simulation box (the left box shows all polymer beads, the
right box shows the corresponding aggregate cores) of the stoichiometric system
with poorly soluble PE blocks (aas = 35) and incompatible polymer blocks
(app = 35). AT PE beads are red, A~ PE beads blue, and neutral B beads are
green.

weight distribution function in Figure 5.5) in Figure 5.6 show the aggregate core is
still dense (p = 3.2), but consists of intermixed PE A blocks and neutral B blocks.
The aggregate shell is quite thin, and the core-shell interface is broad, which
reflects intermixing between A and B blocks. The RDPs of the oppositely charged
PE blocks still overlap, and small counterions do not significantly penetrate the
core.

Again, the broadness of the core-shell interface is increased by angular av-
eraging. The ratio of the components of the gyration tensor of the core of an
ensemble-averaged aggregate with Ag = 72 is 1:1.30:1.97 (Figure 5.7), indicating
that these aggregates deviate more from spherical symmetry than the aggregates
consisting of diblock copolymers with incompatible blocks. Snapshots of typical
aggregates (Figure 5.8a) illustrate that neither aggregate cores (lower row) nor
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Figure 5.5: Weight distribution functions of aggregation numbers, Fy(Ag), of
the stoichiometric system with poorly soluble PE blocks, (aas = 35), and fully
compatible copolymer blocks (aa g = 25).
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Figure 5.6: Radial density profiles, RDPs, of aggregates with Ag = 72 in the
stoichiometric system with poorly soluble PE blocks (aa s = 35) and compatible
polymer blocks (ay 5 = 25). Red line represents A™ beads, blue line A~ beads,
green line B, cyan line CI~, and magenta line CIT.

whole aggregates (the upper row) are spherical.

The components of the gyration tensor in Figure 5.7 show that the aggregate
increase in size and elongate with the increase in Ag; while the ratio g,:g, remains
approximately constant (in both cores and whole aggregates), the ratio g.:g.
decreases. Furthermore, the small difference between the components of the cores
and whole aggregates confirms the shell thinness described above.

The snapshot of a simulation box (Figure 5.8) confirms the coexistence of
differently sized and shaped aggregates in the system.

In this section, I have summarized my previous results [77,78]. Aggregates
formed in systems with incompatible copolymer blocks are similarly sized core-
shell aggregates, but aggregates formed in systems with compatible copolymer
blocks are differently sized crew-cut aggregates. In the former, aggregate cores
consist of only PE blocks, shells consisting of soluble neutral blocks are well-
defined, and both cores and whole aggregates are approximately spherical. In

|
0 30 60 90 120 150
Ag

Figure 5.7: Components of the gyration tensor for aggregate cores (solid lines)
and whole aggregates (dotted lines) in the stoichiometric system with poorly
soluble PE blocks (aas = 35) and incompatible copolymer blocks (aap = 35).
Red lines represent g,, green lines g;,, and blue lines g..
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(a) (b)

Figure 5.8: Snapshots of (a) typical aggregates with Ag ~ 70 (upper row shows
whole aggregates, lower row corresponding aggregate cores, that is, PE beads)
and (b) a simulation box (the left box shows all polymer beads, the right box
shows the corresponding aggregate cores) of the stoichiometric system with poorly
soluble PE blocks (aas = 35) and fully compatible polymer blocks (aap = 25).
A1 PE beads are red, A~ PE beads blue, and neutral B beads are green.

the latter, aggregate cores consist of an intermix between PE and soluble neutral
blocks, shells consisting of the neutral blocks are thin, and both cores and whole
aggregates elongate with the increase in aggregation number.

5.1.2 Systems with a varying number of AIB; chains

In the first set of simulations with non-stoichiometric systems, the surplus positive
PE charge was achieved by varying the amount of AJ Bs copolymers, f;f = 0.021-
0.034 (the results of f;7 = 0.021, that is, the stoichiometric systems, are shown in
Section 5.1.1). I studied systems with three different A block solubilities (aa s =
32.5, 35, and 37.5) and incompatible copolymer blocks (aap = aag). For the
system with ax g = 35, I also studied systems with fully compatible copolymer
blocks, as g = 25, and systems with varying compatibility between counterions
and polymer beads, aa cr and ag cr.

Figure 5.9 shows weight distribution functions for all systems with incompat-
ible blocks, ax g = aa s, and counterions incompatible with PE blocks, aa c1 =
aas, and compatible with B blocks, ap cr = 25. Compared to the stoichiometric
systems in Section 5.1.1, the fractions of larger aggregates are lower (compare
Figure 5.1 with Figure 5.9; note the different y- and x-axes ranges). With the in-
crease in f:,r / ", the fraction of dimers in systems with ay ¢ = 32.5 (Figures 5.9a to
5.9¢) decreases and the fraction of free chains increases, but no significant change
in F, is found otherwise. For systems with a s = 35 and 37.5 (Figures 5.9d to
5.9f and 5.9g to 5.91), the increase in f\J,r /= promotes small aggregates over large
ones, even though the F,, maxima do not shift significantly. This effect is weaker
in systems with ax g = 37.5. Therefore, the peaks of the distribution functions
become asymmetrical and less separated from free chains and small aggregates.

The oscillations observed in the stoichiometric systems (Figure 5.1) decrease in
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Figure 5.9: Weight distribution functions of aggregation numbers, Fy(Ag), for
systems with a varying number of A;_B5 chains, ay g = aac1 = aas, and apcr =
25. Rows show results of systems with the same A-block solubility: (a), (b),
and (c) aas = 32.5; (d), (e), and (f) 35; and (g), (h), and (i) 37.5. Columns
show results of systems with the same number of AFBj chains: (a), (d), and (g)

/7 =1.2; (b), (e), and (h) /" =1.4; and (c), (f), and (i) £/~ = 1.6. Dotted
lines represent boundaries, where the preference between even (or ‘2k’) and odd
(or 2k 4+ 17) aggregation numbers changes.

non-stoichiometric systems, especially of high Ag. Furthermore, they reverse, in
the non-stoichiometric systems, from the preference for even aggregation numbers,
Ag = 2k, to odd aggregation numbers, As = 2k + 1, in several regions. For
aas = 32.5 (Figures 5.9a to 5.9¢), dimers are preferred (and small aggregates with
Ag = 4 and 6 for \J;/ ~ = 1.2), but the preference switches to odd aggregation
numbers for larger aggregates. In systems with moderately insoluble PE block,
aas = 35, with the smallest surplus of A} Bs chains, f\J,r/_ = 1.2 (Figures 5.9d),
the preference reverses in the regions of both small and large aggregates, while
at larger fJ/ ~ values (Figures 5.9e and 5.9f), As = 2k + 1 is preferred in the
region of small aggregates (including free chains) and Ag = 2k is preferred for
larger aggregates. For systems with highly insoluble PE blocks, axg = 37.5
(Figures 5.9g to 5.91), the preference for free chains over dimers is clearly visible,
but for higher Ag the oscillations are less evident.

Figure 5.10 shows the fractions of positive (solid lines, ¢*) and negative
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0.7

Figure 5.10: Fractions of PE charges (or PE chains) in aggregates as functions
of the aggregation numbers, ¢(Ag), for systems with a varying number of A Bj
chains, aa g = aacr = aap = 35, and apcr = 25. solid lines represent the frac-
tions of positive charges (or of AFBj chains), ¢T, and dashed lines the fractions
of negative charges (or of A; Bj chains), ¢~.

(dashed lines, ¢~) PE charges in aggregates for the system with ay g = aap = 35.
These fractions correspond to the fractions of AZBs and Az Bj chains in the
aggregates. While aggregates formed in the stoichiometric system contain, on
average, the same amount of A Bs and A; Bj chains, aggregates formed in the
non-stoichiometric systems contain more AJ Bj than Az Bj chains and ¢ is pro-
portional to f\J,r /. The oscillations of ¢ as well as the difference between ¢+ and
¢~ diminish with increasing Ag reflecting that the same number of surplus AZ Bj
chains translates to smaller difference between ¢ and ¢~ for high A, than for
low Ag. Because all curves level off for high As and ¢ become almost constant
for Ag > 30, the difference between the numbers of A B;s and A5 Bj chains in an
aggregate increases with Ag.

Figure 5.11a compares the weight average aggregate masses, (M), and the
masses of the most populated aggregates (by mass), Myp, between systems with
a closed aggregation scheme, that is, with as ¢ = 35 and 37.5. The asymmetry to-
wards lower aggregation numbers in the weight distribution functions (Figure 5.9)
is reflected by (M),, < Myp. The large weight fractions of low Ag aggregates
overbalance the fractions of high- Ag aggregates, which is illustrated by weight av-
erage aggregate mass of aggregates with Ag > 10, (M))y,, because (M))y, > Myp
(within statistical errors).

The fraction of free chains increases with the increase in the surplus of A7 B
chains (Figure 5.11b), but almost all free chains are AFBs (the lines for Az Bs
chains overlap with x-axis). The fraction of A} Bj free chains, f;', is proportional
to their surplus, but f;" increases more in the system with a less soluble PE block,
ars = 37.5. The fraction of dimers, fo, decreases slightly with the increase

in f\}L /" in systems with ax g = 35, but remain constant for the systems with
aas = 37.5, because f; in the corresponding stoichiometric system is already low
(Figure 5.1c).

The structure of typical aggregates (As = 32) for the non-stoichiometric sys-
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Figure 5.11: (a) Weight average aggregate mass, (M), (dashed lines), weight
average aggregate mass of large aggregates (As > 10), (M), (dotted lines), and
aggregate mass of the most populated aggregate by mass (i.e., the maximum in
F,, in Figure 5.9), Myp (solid lines), as a function of the ratio of A Bs to A7 Bs
chains, fo /~. Errors of systems with aas = 35 (red lines) are smaller than the
point size. (b) Weight fractions of free AZ By chains, f;~ (full lines), of free A5 Bs
chains, f;” (lines coinciding with x-axis), and of dimers, f, (dashed lines) as a
function of fi /~. In both (a) and (b), red lines with empty markers represent
systems with ax s = aa g = 35 and blue lines with solid markers represent a, g =
anp = 37.5.

tems ( \4;/_ = 1.2 and 1.6) with aps = axp = 35 is shown in Figure 5.12.

Similarly to the stoichiometric case (Figure 5.2), the aggregates are well-defined
core-shell structures with dense aggregate core consisting of PE blocks, but the
distribution of charged beads differ. As mentioned above, aggregates in the non-
stoichiometric systems are positively charged. The surplus positive PE beads
concentrate on the core-shell interface (the red lines are above the blue ones for

- I T I T 0.1
1.5 At-block ——
A~ -block --------- 1
- (a) B-block ———-
A, 1+ a®
A 0.0540
[a B /~
0.5
()0 60

Figure 5.12: Radial density profiles, RDPs, of typical aggregates (As = 32) in
the systems with ax g = aa g = 35 for different ratios of oppositely charged PE
chains: (a) \J,r/_ = 1.2 (with 16.9 AZB; and 15.1 A5 Bj chains on average) and
(b) 1.6 (with 17.3 A Bj5 and 14.7 A5 Bs chains on average). Red lines represents

AT beads, blue lines A~ beads, green lines B, cyan lines CI~, and magenta lines
CI™.
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r € (1.5,3.5)), while the inner part of the aggregate core becomes slightly negative
(the red lines are below the blue lines for r € (0, 1.5)).

The concentration of the positive PE charge on the interface was expected
because the surplus charge can be offset by negative counterions (cyan lines)
that are incompatible with PE beads and that cannot easily enter the core. The
surplus positive PE beads and CI™ beads near the core-shell interface form a
stabilising electrostatic double-layer, similarly to the stabilisation of the charge
on surface of inorganic colloids [91].

Conversely, the slightly negative charge of the inner part of the aggregate
core was unexpected. Because this phenomenon appears in all non-stoichiometric
aggregates with counterions incompatible with PE blocks (see below), this is a
general phenomenon of nanoparticles formed in similar systems. This distribution
of charges minimises the electrostatic energy of a positively overcharged aggregate
core. Note that the inner part of the aggregate fits only a few DPD particles, so
the charge difference is lower than le. For comparison, an aggregate with Ag = 32
contains 320 PE beads.

With the increase in f\J,r / ~, the fraction of AJBj chains in the aggregates
increases. Therefore, the surplus of positive PE charge and the concentration of
CI™ on the interface also increase (Figure 5.12b).

The components of the gyration tensor in Figure 5.13 show that neither the
size nor the shape of aggregate cores and whole aggregates differs significantly
from the stoichiometric simulation (Figure 5.3). The ratios of the components for
aggregates with Ag = 32 of aggregate cores are 1:1.28:1.81 (in the system with

\J,r/f = 1.2) and 1:1.28:1.87 ( J/f = 1.6), and the ratios of whole aggregates are
1:1.17:1.42 (£~ = 1.2) and 1:1.16:1.45 (f,//~ = 1.6), respectively. These num-
bers indicate that both aggregate cores and whole aggregates are approximately
spherical.

Gay Gby Ge
Gay 9by YGe

Figure 5.13: Components of the gyration tensor for aggregate cores (solid lines)
whole aggregates (dotted lines) in systems with ayg = aap = 35 and varying

\J,r/_: (a) 1.2; (b) 1.4, and (d) 1.6. Red lines represent g, green lines gy, and
blue lines g..

Figures 5.14a and 5.14b show snapshots of simulation box for different f\J,r /=
The fraction of free AT Bj chains in the simulation clearly increases with the
increase in f\J,r/_ (Figure 5.14a for f\J,r/_ = 1.2 and Figure 5.14b for 1.6). Snapshots
of typical aggregates with Ag ~ 30 (Figures 5.14c¢ and 5.14d) show the small
deviations from spherical symmetry of the aggregate cores (lower rows).
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Figure 5.14: Snapshots of (a) and (b) simulation box (the left box shows all
polymer beads, the right box shows the corresponding aggregate cores, that is,
PE beads); (c) and (d) typical aggregates with Ag ~ 30 (the upper row shows
whole aggregates, lower row corresponding aggregate cores) for the systems with
ars = aap = 35 and varying f\J,r/_: (a) and (c) 1.2; (b) and (d) 1.6. A* PE
beads are red, A~ PE beads blue, and neutral B beads are green.

The effect of compatibility of counterions with polymer beads on the self-
assembly behaviour is shown in Figure 5.15 for the systems with ax s = aap = 35
and f;,r /= = 1.6. Distribution functions of systems with counterions incompatible
with the PE blocks (as cr = 35) and either compatible (ap cr = 25, red curve) or
incompatible (ap c1 = 35, green curve) with the neutral block remains unchanged,
within statistical errors. However, when the counterions are compatible with all
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Figure 5.15: Weight distribution functions of aggregation numbers, F(Ag) for
systems with axg = aap = 35, f\}L/ ~ = 1.6, and different compatibilities of
counterions with PE blocks, aa c1, and with neutral blocks, ag cr.
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polymer species (aa.c1 = apcr = 25, blue curve), the distribution peak is both
shifted to lower Ag and less separated from the free chains (and small aggregates).
The fractions of free chains and small aggregates are also higher.

The explanation for this behaviour is straightforward. In the first case, the
counterions are incompatible not only with the core-forming blocks, but also with
the aggregate shell. Thus, CI~ do not concentrate on the core-shell interface
(compare cyan lines for CI- RDPs in Figure 5.12b the system with agcr = 25
and Figure 5.16a for the system with apcr = 35). Due to the overall higher
concentration of CI™ in the simulation (to offset the higher number of A* beads)
and to their compatibility with solvent, these counterions still penetrate the sol-
vated aggregate shell and partly offset the positive PE charge on the core-shell
interface. Therefore, the aggregate structure is the same, regardless of counterion
compatibility with the shell-forming block, ag c1, which causes no change in the
behaviour of the whole system.

In the second case, the counterions penetrate the aggregate core (Figure 5.16b)
because both the electrostatic interactions with PE blocks and non-polar inter-
actions are favourable. The aggregate core still contains more positive PE chains
than negative ones. Hence, CI~ penetrate the core more and concentrate at
the core-shell interface to offset the overall positive charge of the aggregate core.
Moreover, the counterions partly offset the charge of individual PE blocks, which
hinders the electrostatic co-assembly and shifts the distribution function in Fig-
ure 5.15 towards lower Ag.
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Figure 5.16: Radial density profiles, RDPs, for typical aggregates (As = 32) in
the systems with ax s = aap = 35, f\J,r/f = 1.6, and (a) ap,c1 = aa.c1 = 35 (with
17.1 AZB;5 and 14.9 A7 Bj chains on average) and (b) apcr = aacr = 25 (with
17.7 A} Bs and 14.3 A; Bj chains on average). Red lines represents AT beads,
blue lines A~ beads, green lines B, cyan lines CI™, and magenta lines CI™.

Similarly to the stoichiometric case, aggregates co-assembled from copolymers
with compatible blocks are larger. Figure 5.17 shows that aggregates in non-
stoichiometric mixtures are smaller than those in the stoichiometric mixture and
their distribution functions are narrower. Similarly to the non-stoichiometric
systems with incompatible copolymer blocks, the peak of F,, shifts to slightly
lower Ag with the increase in f\f .
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Figure 5.17: Weight distribution functions of aggregation numbers, Fy(As), for
systems with varying amount of Ad Bs, aas = 35, and ayp = 25.

The crew-cut structure of the aggregates remains (compare RDPs for aggre-
gates with Ag = 72 in the stoichiometric case shown in Figure 5.6 and in the
non-stoichiometric cases shown in Figure 5.18). Similarly to the systems with
incompatible copolymer blocks, the surplus positive charge of the aggregate core
concentrates on the core-shell interface and is partly offset by counterions.

The snapshots of simulation box and typical aggregates with Ag ~ 70 for the
systems with f\J,r/_ = 1.2 (Figures 5.19a and 5.19¢) and 1.6 (Figures 5.19b and
5.19d) clearly show the coexistence of differently shaped and sized aggregates as
well as the increase in free Af By chains with the increase in fi- I~

Lastly, I assessed the effect of counterion compatibility on the system with
ars = 395, aap = 25, and f\j/f = 1.6. I simulated systems with counterions
incompatible (as cr = 35) and compatible with the PE blocks (aa cr = 25). The
distribution function in Figure 5.20 does not change significantly. Similarly to
the case with incompatible copolymer blocks, the counterions easily penetrate
aggregate core (Figure 5.21)
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Figure 5.18: Radial density profiles, RDPs; of typical aggregates (Ag = 72) in
the systems with axs = 35, axp = 25, and (a) fi/~ = 1.2, (with 37.9 A Bs and
34.1 A5 Bj chains on average) and (b) 1.6 (with 39.1 A7 Bjs and 32.9 A; Bj chains
on average). Red lines represents AT beads, blue lines A~ beads, green lines B,
cyan lines CI™, and magenta lines CI*t.
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Figure 5.19: Snapshots of (a) and (b) simulation box (the left box shows all
polymer beads, the right box shows the corresponding aggregate cores, that is,
PE beads); (c) and (d) typical aggregates with As ~ 70 (the upper row shows
whole aggregates, the lower row shows corresponding aggregate cores) of systems
with apxs = 35, aap = 25, and with a varying amount of A7 B;s: (a) and (c)

\J,r/f = 1.2; (b) and (d) \J;/f = 1.6. AT PE beads are red, A~ PE beads blue,

and neutral B beads green.
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Figure 5.20: Weight distribution functions of aggregation numbers, Fy(As), for
systems with f\J/r/f = 1.6, ap s = 35, aa g = 25, and with a varying compatibility
between counterions and PE blocks, aa c1.

42



5. Results and discussion 5.1. Mixtures of diblock copolymers

T T T 0.1
1.5
- = i At-block ——
i : A~-block -
A 1T Ty a, B-block ——-
A =0.052 CI-
= R N =R (-
i ™ <
05_ ';\‘;\- ’/\_\\’\(__’_/*-"Z
T e
OO 2 4 6O
T

Figure 5.21: Radial density profiles, RDPs, of typical aggregates (Ag = 72 with
39.7 A;FB5 and 32.3 A; Bj; chains on average) in the systems with axs = 35,
ayp = 25, fully compatible counterions (aa.cr = apcr = 25) and f:,r/_ = 1.6.
Red line represents AT beads, blue line A~ beads, green line B, cyan line CI™,
and magenta line CIT.

In this section, I have shown that a surplus of positively charged chains desta-
bilises larger aggregates. The aggregates are charged, and the surplus positive
charge concentrates on the core-shell interface where this charge is partly offset
by negative counterions. Similarly to the stoichiometric system, aggregates con-
sisting of copolymers with incompatible blocks are well-defined core-shell struc-
tures, while those consisting of copolymers with compatible blocks are crew-cut
aggregates. The compatibility of counterions with PE blocks also affects the self-
assembly: when the counterions are compatible with the PE blocks, the counte-
rions penetrate the aggregate core and partly offset the charge of the PE blocks,
thus, slightly decreasing the trend towards co-assembly.

5.1.3 Systems with varying A B; chain length

In the second set of simulations of non-stoichiometric systems, the surplus pos-
itive PE charge was achieved by lengthening the PE block, A} with n = 5-8
(n = 5 is for the stoichiometric system presented in Section 5.1.1). All simula-
tions contained the same number of A;Bj and A} Bjs chains (100 of each in the
simulation box of size 25% or 200 of each in the box 32?), but the increase in the
length of the A" block led to the increase in the volume fraction from f\; = 0.021
(stoichiometric system) to 0.028. T studied systems with moderately solvophobic
PE blocks, ay s = 35. I assessed the effects of block compatibility (asp = 35 or
25) and of the compatibility between counterions and PE blocks (as,cr = 35 or
25).

Weight distribution functions in Figure 5.22 show a similar decrease in oscil-
lations at higher Ag and the trend for switching of preferences between even and
odd aggregation numbers as observed in the systems analysed in the previous
section. Preference switching is clearly visible for n = 5, but the oscillations are
too low for systems with longer A;" blocks.
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Figure 5.22: Weight distribution functions of aggregation numbers, Fy(As), for
systems with aans = aap = 35 and varying A} block length: (a) n = 6, (b)
n =7, and (¢) n = 8. Dotted lines represent boundaries, where the preference
between even (or ‘2k’) and odd (or ‘2k + 1) aggregation numbers changes.

In contrast to the systems analysed in the previous section, the maxima of
F,, do not shift to lower Ag with the increase in the length of the A} block (i.e.,
with the increase in the surplus of positive PE charge). While more charges on
the longer PE blocks hinder co-assembly, the longer PE chain is also more solvo-
phobic, which promotes the co-assembly. The fraction of aggregates with higher
Ag decreases with the increase in n, favouring free chains and small aggregates.

Similarly to systems with a varying number of AZBj chains, aggregates con-
taining copolymers with a longer A;" block (i.e., increased surplus of positive PE
charges in the simulation) are more positively charged (Figure 5.23a). However,
the fractions of oppositely charged chains in aggregates (Figure 5.23b) change
from more ABj chains in small aggregates (¢y; > ¢y) to fewer A Bs chains
in large aggregates (¢y; < ¢y). This change happens, because as ¢t decreases
below n/(n+5) (e.i., the fraction of positive PE beads in two oppositely charged
chains), fewer AB; than A7 Bj; chains are required to achieve given ¢7.

The mass of the most populated aggregate by mass, Myp, and the weight
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Figure 5.23: Fractions of PE (a) charges, ¢, and (b) chains, ¢y, in aggregates
as functions of the aggregation number for the systems with varying A’ length
and ayg = axp = 35. Full lines represent the fractions of positive charges, ¢+,
(or chains, ¢y;) and dashed lines the fractions of negative charges, ¢~ (or chains,

ON)-
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average aggregate mass, (M), peak at n = 7 and n = 6, respectively (Fig-
ure 5.24a). However, the weight average aggregate mass of large aggregates with
As > 10, (M), monotonously increases with the increase in n and (M), > Myp
(within statistical errors).

Similarly to the systems analysed in the previous section (Section 5.1.2), the
amount of free chains increases and almost all free chains are positively charged.
Their weight fraction, f;", depends on n (or on the fraction of positive to negative
PE charge in the system). However, in comparison to the previous systems (Fig-
ure 5.11b), fi is decreased. The fraction of dimers, f,, has a shallow minimum
for n = 6, but the differences are small.

Again, typical aggregates are well-defined core-shell structures with the sur-
plus positive PE charge concentrated on the core-shell interface (Figure 5.25).
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Figure 5.24: (a) Weight average aggregate mass, (M), (red dashed line), weight
average aggregate mass of large aggregates (Ag > 10), (M) (green dotted line),
and aggregate mass of the most populated aggregate by mass, Myp (blue full
line), as a function of the length of A7 block, n. (b) Weight fractions of free
ATBj chains, f;" (red dashed line), of free A; B chains, f; (green line coinciding
with x-axis), and of dimers, fo (blue full line) as a function of n.
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Figure 5.25: Radial density profiles, RDPs, of aggregate with As = 32 in the
systems with ays = axp = 35 and varying A}'Bjs length: (a) n = 6 (with 15.6
A¢Bj chains and 16.4 A; Bj chains on average) and (b) n = 8 (with 14.1 A Bs
chains and 17.9 A; Bj chains on average). Red lines represents A* beads, blue
lines A~ beads, green lines B, cyan lines CI~, and magenta lines CI*.
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However, the charge difference on the interface is larger because of the steric con-
straints on the lower number of longer chains (compared to Figure 5.12). This,
in turn, increases the concentration of negative counterions near the interface.

The components of gyration tensor in Figure 5.26 again show the aggregates
are fairly spherical with component ratios similar to those in the previous sec-
tion (Figure 5.13). Snapshots of typical aggregates with Ag ~ 30 are shown in
Figures 5.27c (for A Bs chains) and 5.27d (for A Bs chains).

The snapshots of the simulation box for n = 6 (Figure 5.27a) and for n = 8
(Figure 5.27b) clearly show the increase in free AT Bj chains with the increase
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Figure 5.26: Components of the gyration tensor for aggregate cores (solid lines)
whole aggregates (dotted lines) in the systems with ay s = aa g = 35 and varying
AT Bs length: (a) n =6, (b) n =7, and (c) n = 8. Red lines represent g,, green
lines g, and blue lines g..
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Figure 5.27: Snapshots of (a) and (b) simulation box (the left box shows all
polymer beads, the right box shows the corresponding aggregate cores, that is,
PE beads); (c) and (d) typical aggregates with As ~ 30 (the upper row shows
whole aggregates, the lower row shows corresponding aggregate cores) of systems
with aps = aap = 35 and a varying A} length: (a) and (c) n = 6; (b) and (d)
n = 8. A" PE beads are red, A~ PE beads blue, and neutral B beads green.
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in the surplus of positive PE charge in the simulation. The surplus of positive
charges on the surface of aggregate cores containing AfBs is also visible in the
snapshots of aggregate cores (lower row of Figure 5.27d), where red beads, rep-
resenting A" beads, are in surplus over blue beads, representing A~.

In contrast to systems with a surplus of A Bj chains (Figure 5.15), different
compatibility of counterions with PE blocks (aa cr = 35 or 25) does not effect the
distribution function of aggregation numbers (Figure 5.28). RDPs of a typical
aggregate with Ag = 32 in Figure 5.29 show that counterions penetrate the core.
Negative counterions, CI~, concentrate near the core-shell interface to offset the
larger surplus of positive PE charge; ¢* = 0.55 for the system with counterions
incompatible with PE blocks (aa.c1 = 35) and ¢™ = 0.58 for the system with
compatible counterions (as cr = 25), which corresponds to the increase in the
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Figure 5.28: Weight distribution functions of aggregation numbers, Fy(As), for
systems with AJ Bjs chains, asy s = aap = 35, and varying compatibility between
counterions and PE blocks, ax cr.
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Figure 5.29: Radial density profiles, RDPs, of aggregates with Ag = 32 (with 14.7
A$B; chains and 17.3 A7 Bj chains on average) in systems with AjBs, axs =
aap = 35, and counterions fully compatible with PE blocks, aa c1 = ap,c1 = 25.
Red line represents A" beads, blue line A~ beads, green line B, cyan line CI™,
and magenta line CIT.
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surplus of positive PE charge in the aggregate by approximately 10e.

In systems with compatible polymer blocks, axp = 25, larger aggregates
are again formed. Compared to the stoichiometric case, the distribution func-
tions narrow with the increase in A}'Bjy chain length (Figure 5.30). The typical
structures are crew-cut aggregates (Figure 5.31) of varying sizes and shapes (Fig-

ure 5.32).
The distribution function of aggregation numbers of the system with AgBs
with compatible blocks, axp = 25, and counterions compatible with the PE

blocks, aa.cr = 25 is slightly narrower than that of the system with aa c1 = 35
(Figure 5.33). The compatible counterions penetrate the aggregate core (Fig-
ure 5.34), partly offsetting PE charges and increasing the difference between op-
posite PE charges, compared with the system with aa cr = 35. For an aggregate
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Figure 5.30: Weight distribution functions of aggregation numbers, Fy(As), for
systems with a varying length of A Bj chains, ax s = 35, and as p = 25.
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Figure 5.31: Radial density profiles, RDPs, of typical aggregates (As = 72) in
the systems with ax s = 35, ax s = 25, and (a) A¢ Bs chains (with 37.9 A{B; and
34.1 A Bj chains on average) and (b) A$Bj chains (with 39.1 AZBjs and 32.9
AZ Bj chains on average). Red lines represents AT beads, blue lines A~ beads,
green lines B, cyan lines CI~, and magenta lines CI*.
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Figure 5.32: Snapshots of (a) and (b) simulation box (the left box shows all
polymer beads, the right box shows the corresponding aggregate cores, that is,
PE beads); (c) and (d) typical aggregates with Ag ~ 70 (the upper row shows
whole aggregates, the lower row shows corresponding aggregate cores) of systems
with ax g = 35, axp = 25, and varying length of AfB;: (a) and (c) n = 6; (b)
and (d) n = 8. AT PE beads are red, A~ PE beads blue, and neutral B beads
green.
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Figure 5.33: Weight distribution functions of aggregation numbers, Fy(As), for
the systems with A$Bs chains ax g = 35, ay g = 25, and varying compatibility of
counterions with the PE blocks, aa c1.
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Figure 5.34: Radial density profiles, RDPs, for typical aggregates (As = 72 with
32.5 A$Bs5 and 39.5 A; Bs chains on average) in the systems with Al Bs chains,
aas = 35, axp = 25, and fully compatible counterions (aa c1 = ap,c1 = 25). Red
line represents A™ beads, blue line A~ beads, green line B, cyan line CI™, and
magenta line CITt.

with Ag = 72 the surplus of positive PE charge increases approximately by 8e.

In this section, I have shown that the effect of increased surplus of positive PE
charge due to longer PE blocks is partly offset by the increase in the solvophobicity
of the longer chain. Similarly to the previous section, the aggregates are positively
charged and the surplus charge concentrates on the core-shell interface. Again,
aggregates formed from copolymers with incompatible blocks are spherical core-
shell structures, while aggregates formed from copolymers with compatible blocks
are differently shaped and sized crew-cut structures.

5.1.4 Systems with varying charge of positive PE beads

In the third set of simulations of non-stoichiometric systems, the surplus positive
PE charge was achieved by increasing the charge on A™ beads — ga+ = 1.0-1.6
(i.e., by increasing the charge density of the PE block). The amount of oppositely
charged chains was, therefore, constant, fiF = fy = 0.021 (100 chains of each
type in the simulation box of size 25% or 200 chains of each type in the box 323). T
studied systems with moderately solvophobic PE backbone, as s = 35, and both
incompatible, ax g = 35, and compatible, ay g = 25, copolymer blocks.

Weight distribution functions (Figure 5.35) show that the effect of surplus
positive PE charge is stronger than that assessed in the previous two cases (Sec-
tions 5.1.2 and 5.1.3). The increase in charge density on the positive PE blocks
destabilizes large aggregates and, for ga+ = 1.6, the distribution does not have
an obvious peak. The trend towards switching between Ag = 2k and Ag = 2k +1
observed in the previous systems (Sections 5.1.2 and 5.1.3) is also visible and is
more pronounced at lower Ag.

Similarly to the previous two types of systems, aggregates are positively
charged (Figure 5.36a). The number of oppositely charged chains in aggregates
switches from a surplus of positive PE chains to a surplus of negative PE chains at
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Figure 5.35: Weight distribution functions of aggregation numbers, Fy(As), for
systems with ax s = aap = 35 and varying A* bead charge: (a) ga+ = 1.2, (b)
1.4, and (c) 1.6. The dotted line represents a boundary, where the preference
between even (or ‘2k’) and odd (or ‘2k + 1) aggregation numbers changes.
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Figure 5.36: Fractions of PE (a) charges, ¢, and (b) chains, ¢y, in aggregates
as a function of the aggregation number for systems with varying ga+ and with
aas = aap = 35. Full lines represent the fractions of positive charges, ¢*, (or
chains, ¢;;) and dashed lines the fractions of negative charges, ¢~ (or chains, ¢y).

Ag = 6. Again, the change occurs because, as ¢ decreases below ga+/(qa+ + 1)
(i.e., the charge ratio of one positive PE chains to the total charge of two oppo-
sitely charged PE chains), fewer positive chains than negative chains are required
to achieve a given surplus of positive PE charge ¢t.

The increasing destabilization of larger aggregates with the increase in ga+
is also clearly visible (Figure 5.37a) in the decrease in the weight average aggre-
gate mass, (M), and in the mass of the most populated aggregate, Myp (Fig-
ure 5.37a). Because the system with ga+ = 1.6 lacks a peak in its distribution
function, Myp is not defined there. Again, (M;) > My everywhere (within statis-
tical errors). In contrast to the previous two types of systems (Figures 5.11b and
5.24Db), the preference for dimers over free chains remains, despite the increased
surplus of positive PE charge (Figure 5.37b). The fraction of free chains is lower,
but all the free chains are still positively charged chains.

The structure of aggregates shows a surplus of A~ beads in the aggregate core,
but the surplus positive charge still concentrates on the core-shell interface, as
shown in Figure 5.38, wherein solid red lines represent density A* beads, while
dashed red lines represent the density of At bead charge (i.e., RDP multiplied by
ga+). See also Figure 5.40, where the surplus of negative A~ beads (blue beads)
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Figure 5.37: (a) Weight average aggregate mass, (M), (red dashed line), weight
average aggregate mass of large aggregates (Ag > 10), (M), (green dotted line),
and aggregate mass of the most populated aggregate by mass (i.e., the maximum
in Fy, in Figure 5.35), Myp (red dashed line) as functions of the charge of A™
beads, ga+. (b) Weight fractions of free A;7Bj chains, f;" (red dashed line), weight
fractions of free A; By chains, f; (green line coinciding with x-axis), and fraction
of dimers, fy (blue full line) as functions of ga+.
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Figure 5.38: Radial density profiles, RDPs, for an aggregate with Ag = 32 in
the systems with axs = aap = 35 and varying charge of the A" beads: (a)
ga+ = 1.2 (with 15.3 AFBj chains and 16.7 A; Bj chains on average) and (b)
qa+ = 1.6 (with 13.9 AZ Bj chains and 18.1 A; B; chains on average). Red dotted
lines are RDP(A™)xga+, that is, the positive PE charge density. Other colours
are the same as in Figure 5.2.

in the aggregate core is clearly visible in systems with ga+ = 1.6, (lower row of
Figure 5.40d).

The gyration tensor components in Figure 5.39 show that aggregate cores are
slightly less symmetrical than in previous cases, but both the cores and whole
aggregates are still fairly spherical.

Similarly to systems with incompatible copolymer blocks, the increase in
charge density on positive PE blocks in the systems with compatible copoly-
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Figure 5.39: Components of the gyration tensor for aggregate cores (solid lines)
whole aggregates (dotted lines) in the system with axs = aap = 35 and with a
varying charge of A beads: (a) ga+ = 1.2, (b) ga+ = 1.4, and (c) ga+ = 1.6.
Red lines represent g,, green lines g;,, and blue lines g..
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Figure 5.40: Snapshots of (a) and (b) simulation box (the left box shows all
polymer beads, the right box shows the corresponding aggregate cores, that is,
PE beads); (c¢) and (d) typical aggregates with As ~ 30 (the upper row shows
whole aggregates, the lower row shows corresponding aggregate cores) of systems
with ax g = aap = 35 and varying A" bead charge: (a) and (c) ga+ = 1.2; (b)
and (d) ga+ = 1.6. AT PE beads are red, A~ PE beads blue, and neutral B beads
are green.

mer blocks (ax g = 25) significantly hinders co-assembly. With increased ga+, Fy,
peaks in Figure 5.41 shift to lower Ag and get narrower and less separated from
small aggregates.

The structure of these aggregates is simular to that in Sections 5.1.2 and
5.1.3, that is, aggregates are crew-cut structures with a surplus of positive PE
charge concentrating on the broad core-shell interface, even though the number of
positive chains is lower than that of negative chains. (Figure 5.42). The surplus
of negative chains in aggregates is again visible in the snapshots (lower row of
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Figure 5.41: Weight distribution functions of aggregation numbers, Fy(As), for
systems with varying ga+, aa,s = 35, and aa g = 25.

T I T I T O-]— T I T T 0-1
1.5 (&) At-block —— 151 (D)
"\""::5::::% A*_block .......... N ”'"“1‘:\
i . B-block ———- 1 - AN T
A I+ \tak\ CI” [alf 1~ \“‘:1\\ ./W“\.A“\—\.\. [
2 3 CIF === 40.050 R 0053
Q: B \._,\-/ TR — L > __»‘\_\\ Cd
0.5 === . \\\ I ] 0.5 kﬂ’//// \\\ 4
B » \\\ oA/ \\\ﬁ
e i . | o~ | . | o~
00 2 4 60 OO 2 4 60

Figure 5.42: Radial density profiles, RDPs, for an aggregate with Ag = 72 in
the systems with axs = 35, aap = 25 and varying charge of the AT beads:
(a) ga+ = 1.2 (with 34.7 A B; chains and 37.3 A;Bs chains on average) and
(b) ga+ = 1.6 (with 30.8 A Bjs chains and 41.2 A7 Bj chains on average). Red
solid lines represents A™ beads, red dotted lines are RDP(A™)xqga+, (i.e., the
positive PE charge density), blue lines A~ beads, green lines B, cyan lines CI—,
and magenta lines CIT.

Figure 5.43d). Similarly to previous cases of copolymers with compatible blocks,
the aggregates have various shapes (Figures 5.43c and 5.43d) and the number
of free positively charged chains also clearly increases with the increase in the
surplus of positive PE charge in the system (Figures 5.43a and 5.43b).

In this section, I have shown that the increase in the charge density of posi-
tively charged PE beads (i.e., the increase in the charge of A* beads) affects the
systems more than the increase in the number of positive chains or in the length of
positive PE blocks. With the increase in g5+, high-Ag aggregates are destabilized
in systems with both incompatible and compatible polymer blocks. Similarly to
the previous systems, the aggregates formed from copolymers with incompatible
blocks are well-defined core-shell structures, and the aggregates from copolymers
with compatible blocks are crew-cut structures. In contrast to the previous sys-
tems, the increase in ga+ leads to aggregates with fewer positive PE beads, but
the aggregates are still positively charged and the surplus charge concentrates on
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the core-shell interface.
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Figure 5.43: Snapshots of (a) and (b) simulation box (the left box shows all
polymer beads, the right box shows the corresponding aggregate cores, that is,
PE beads); (c) and (d) typical aggregates with Ag ~ 30 (the upper row shows
whole aggregates, the lower row shows corresponding aggregate cores) of systems
with axs = 35, aap = 25, and varying A™ bead charge: (a) and (c) ga+ = 1.2;
(b) and (d) ga+ = 1.6. AT PE beads are red, A~ PE beads blue, and neutral B
beads are green.
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5.2 Mixture of diblock copolymers with oppo-
sitely charged homopolyelectrolytes

In this section, I present the simulation results of electrostatic co-assembly of
diblock copolymers containing a soluble neutral block and a positively charged
PE block with varying solubility, AZ Bys, with negatively charged homopolyelec-
trolytes, C5 (see Section 4.3.2 for detailed description).

Study of oppositely charged diblock copolymers in Section 5.1.1 showed that
the solubility of PE blocks of a = 32.5 is just below the aggregation regime.
Because the homopolyelectrolyte in this study has no soluble block, similar solu-
bility should place the system in the aggregation regime. Therefore, I chose ax g =
ac,s = 33. Usually, copolymer blocks are incompatible, so ax g = 33. However,
many hydrophilic polymers are fairly compatible with less soluble species, so the
C; and D,, chains are compatible with the By5 polymer block, ag.c = agp = 25.

5.2.1 Non-stoichiometric co-assembly of A7B;; and C;

First, I present results for the systems with varying ratio of negative to positive
PE chains, fy s Figure 5.44 shows weight distribution functions of aggregation
numbers, Fy(As). In agreement with the results presented in Section 5.1, the
largest aggregates form in the stoichiometric mixture (fy = 1.0) and the peak
is at Ag ~ 60. With increasing imbalance of charge, the F}, maxima shift to lower
Ag and disappear completely for the largest charge imbalances (i.e., fy /T =0.19
and 2.7).

The red curve for the lowest ratio, fy I+ = 0.19, confirms the Burgh prediction
that only small aggregates are formed outside the CEAC-CECC region [81]. In
this case, all free chains are the diblock copolymers (with weight fraction f; =

fi7 = 0.66). On the other hand, for the system with fl\?/Jr = 2.7 (black curve),
free C5 chains (f; = f; = 0.15) coexists with larger, but still relatively small
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Figure 5.44: Weight distribution functions of aggregation numbers, Fy (Ag), for
the systems with f\7 = 0.064 and varying ratio of negative to positive PE chains,
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aggregates. The smaller fractions of larger aggregates in the systems with f /=
0.19 than in those with f§/+ = 2.7 is partly due to the solvophilic block in AZ Bys
chains, which stabilizes free diblock chains, but mainly due to the asymmetry
in the choice of charge ratios, that is, 0.197% > 2.7. All the systems inside
the CEAC-CECC region (i.e., fl\?/ "> 0.19) contain a non-negligible fraction
of aggregates with Ag = 60, that is the maximum in F,, for the stoichiometric
mixture.

Figure 5.45a shows composition of aggregates in the systems with different
f§/+ in terms of average numbers of C5, (N7), and A By;, (NT), chains. For
every system composition, fy /T, the dependence of (N7) on (N*) is linear and
the ratio, k& = (N7)/(NT), depends only on the PE charge ratio, f§/+. The
dependence of k on the charge ratio, fy /T is also linear (Figure 5.45b): k =

0.2fy /*4+0.84. The slope of 0.2 agrees with the conclusion drawn from Figure 5.44
that an important fraction of the surplus chains are dissolved in bulk solution.
The value & = 1.02 for the stoichiometric system ( fl\?/ T = 1.0) reflects that
aggregates, which are on average neutral, exchange chains in dynamic equilibrium.
Because soluble Bys block can shield hydrophobic AF block from unfavourable
interactions with solvent, the aggregates preferentially exchange diblock chains.
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Figure 5.45: (a) The average numbers of C5 chains, (N7), as functions of the
average numbers of AXB5 chains, (NT), in aggregates in the systems with f\\ =
0.064. (b) The ratio of negative to positive charge, k, of the aggregates as function
of the charge ratio, fl\}/Jr.

The structure of co-assembled aggregates is similar to the structure of ag-
gregates formed in the non-stoichiometric mixture of oppositely charged diblock
copolymers (Section 5.1). Aggregates with Ag = 60 (i.e., the most populat-
ed aggregation number by mass in the stoichiometric mixture) are well-defined
core-shell structures with compact cores consisting of the PE chains and a shell
consisting of the soluble B blocks (Figure 5.46). In non-stoichiometric mixtures
(Figure 5.46a for surplus of A} Bys chains and Figures 5.46¢ and 5.46d for surplus
of C5 chains), the aggregates are charged and the surplus charge concentrates on
the core-shell interface, where it is partly offset by oppositely charged counterions.
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Figure 5.46: RDPs for typical aggregates with As = 60 in the systems with
varying ratio of negative to positive chains: (a) f§/+ = 0.67 (with 31.2 A By5
and 28.8 C; chains on average); (b) f1\?/+ = 1.0 (with 29.8 A¥B;5 and 30.2 C;
chains on average); (c) f§/+ = 1.3 (with 27.8 A¥B;; and 32.2 C; chains on
average); (d) f§/+ = 1.8 (with 26.6 AJB;5 and 33.4 C; chains on average). Red
lines represents for AT beads, green lines B beads, blue lines C~, cyan lines CI™,
and magenta lines CIT.

The components of the gyration tensor in Figure 5.47 show that aggregates
in both stoichiometric (Figure 5.47b) and non-stoichiometric (Figures 5.47a and
5.47¢) are fairly spherical. The highest deviation from spherical symmetry is in
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Figure 5.47: Components of the gyration tensor for aggregate cores (solid lines)
and whole aggregates (dotted lines) for the systems with varying ratio of negative

to positive chains: (a) fl\?/+ = 0.67, (b) f§/+ = 1.0, and (c) f§/+ = 1.8. Red
lines represent g,, green lines gy, and blue lines g..
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the system with fy g 1.8, but the ratio g,:gy:g. for aggregate core with Ag = 60
of 1:1.29:1.93 clearly shows the deviation is still small.

Figure 5.48 shows randomly chosen snapshots of the simulation box for varying
n /* charge ratio. It clearly shows that aggregates are largest in the stoichiomet-
ric system (Figure 5.48¢), which also contains the lowest number of free chains
and small aggregates.

g . o
A 2 hvs
s . » o e
-4 > 4 y } E‘&
e H s s N
T o - ¥ H
\.'('- K’:,. v \ b;’ *'j g P‘\/
- “ ¥
15&1 ’% élt’ - Jk ; ;13 b % "& }V‘:’
{ i X Rt O B Ve
R 3 e . 3 ,
ol AR ) .y "):\ o . . }"
o, v ed * : -
At L5, 7 g
-
(a) (b) (c) (d)

Figure 5.48: Snapshots of simulation boxes (the upper row shows all polymer
beads, the lower row shows corresponding aggregate cores, that is, only PE beads)
for the systems with varying ratio of negative to positive PE charges: (a) fy /It =
0.19, (b) 0.67, (c) 1.0, and (d) 1.8. A" PE beads are red, C~ PE beads blue, and
neutral B beads are green.

These results agree with the ones from Section 5.1: in non-stoichiometric
mixtures, aggregates are charged and smaller than in the stoichiometric mixture.
The amount of surplus PE charge depends only on the ratio of total negative to
positive PE charge in the system. The surplus charge concentrates on core-shell
interface of aggregates. Moreover, the simulations confirm the basic qualitative
features of the scheme proposed by Burgh et al. in [81]. However, they also show
the proposed speciation diagram is simplified and does not predict all phenomena
correctly.

5.2.2 Solubilisation of neutral chains into co-assembled
particles

Next, I present results for the interaction of neutral badly soluble D, chains
with aggregates electrostatically co-assembled from the mixture of A¥B;5 and
C; chains. The solubilisation of long hydrophobic chains in co-assembled aggre-
gates has been studied neither experimentally, nor theoretically. However, this
topic is important for hindered removal of admixtures formed during synthesis [92]
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and offers new potential applications. Moreover, knowing the structure of IPECs
containing non-polar chains and the principles of their formation is necessary for
better understanding of polymer materials containing segregated or interpene-
trated nanodomains. Therefore, I assessed the effect of intermixing of oppositely
charged chains with neutral badly soluble chains, which dilute PE charges inside
IPEC cores, on the co-assembly.

As described above, I used three lengths of the neutral badly soluble D,, chains
(D3, D5, and D7) and three volume fractions of D beads (f{ = 0.0062, 0.012, and
0.019). The volume fractions of D beads amounted to 167, 300, or 500 D3 chains
(fo = 0.0062); 100, 200, or 300 D5 chains (f{ = 0.012); or 72, 143, or 214 Dy
chains (f{} = 0.019). Because the solubility of individual D beads remains the
same (aps = 33), longer D,, chains are more solvophobic than shorter ones.

First, I present results for stoichiometric mixture of charged chains, fy =10
(with 260 AZBy5 and 260 C; chains). Figure 5.49 depicts the effect of solubili-
sation of increasing amounts of D,, chains of different lengths on the weight dis-
tribution functions of aggregation numbers of PE chains, F, (Apg), that is, the
aggregation number is the number of PE chains only and the mass of D,, chains
is disregarded in F},. Figure 5.49a shows that even the relatively small amount of
D,, chains enhances the self-assembly process and the F}, maxima shift to higher
Ag. With the increase in D,, chain length, the F;, maximum shifts more, but the
width of the distribution function does not change. Figures 5.49b and 5.49¢ show
that increase in the fraction of D beads leads to more pronounced shift of the Fi,
maxima. Furthermore, with the increase in the fraction of D beads, lengthening
of the D,, chains broadens distribution functions.

OO 50 100 150 OO 50 100 150 00 50 100 150
Apg Apg Apg

Figure 5.49: Weight distribution functions of aggregation numbers of PE chains,
Fy(Apg), for the stoichiometric systems (fy = 1.0) with varying amount of D,
chains: (a) f = 0.0062, (b) 0.012, and (c) 0.019.

To quantify the effect of D,, chains on electrostatic co-assembly, Figure 5.50
shows the fraction of large aggregates (i.e., aggregates containing more than ten
charged chains, Apg > 10), X, as a function of the volume fraction of D beads
fu. The value of Apg = 10 is near the minimum between free chains (and
small aggregates) and large aggregates in the weight distribution functions. The
fraction of large aggregates, X, increases with the increase in the fraction of D,,
chains, fy;. Solubilisation of short chains promotes the self-assembly process less
than that of longer chains. However, the effect in all cases is low, mainly because
the fraction of chains with Apg > 10 in the system without D,, chains is already
larger than 0.9.
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Figure 5.50: The fraction of aggregates (by mass and excluding the mass of the
solubilised D,, chains) with Apg > 10 (i.e., aggregates composed of more than ten
charged chains), ¥, as a function of the volume fraction of D beads, f3, for the

stoichiometric systems (fy /= 1.0) with varying length of D,, chains.

Figure 5.51 shows the fractions of D beads in aggregate cores (i.e., the fraction
of D beads from the sum of D, A" and C~ beads in the aggregates), &p, as
functions of Apg. As expected, the number of solubilised D beads increases with
the increase in fy;. The solubilisation of short D3 chains is not accompanied
by steric tensions, so these chains are almost uniformly distributed among the
aggregates of all sizes. The solubilisation of longer D5 and especially D; chains
into small aggregates is sterically hindered, so these chains preferentially solubilise
into aggregates with higher Apg. The different steric constraints also explain the
larger increase of the fraction of high-Apg aggregates for longer D,, chains in
Figure 5.49.
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Figure 5.51: Fractions of D beads in aggregate cores, &p, as functions of aggrega-
tion number of PE chains, Apg, for the stoichiometric systems (fy = 1.0) with
varying amount of D,, chains (or the ratios of D to PE beads): (a) f = 0.0062,
(b) fg =0.012, and (c¢) f9 = 0.019.

Figure 5.52 summarises the effects of the length and fraction of solubilised
D,, chains on the weight-average aggregation number of PE chains, (Apg)y. The
graphs show that (Apg), increases with both the amount of solubilised chains
and their length.

To assess the structure of the aggregates, I evaluated RDPs for aggregates with
Apg = 80 in the systems with f = 0.0062 and D3 or D; chains (Figure 5.53a
or 5.53b, respectively) and f = 0.012 and D3 or D; chains (Figure 5.53¢ or
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Figure 5.52: Weight-average aggregation number of PE chains, (Apg)y, as a
function of (a) the length of solubilised chains, n, and (b) the volume fractions

of D beads, f3, for the stoichiometric systems (fy /T = 1.0).
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Figure 5.53: RDPs for typical aggregates with Apg = 80 in the stoichiometric
systems with varying amount and length of D,, chains: (a) fy = 0.0062 of Dj
chains (with 39.7 AZBys5, 40.3 C5, and 15.9 Dy chains, i.e., 47.7 D beads); (b)
f& = 0.0062 of Dy chains (with 39.7 AF By, 40.3 C;, and 12.5 Dy chains, i.e., 87.5
D beads); (c¢) f& = 0.019 of D3 chains (with 39.7 AFBy5, 40.3 C;, and 51.8 Dy
chains, i.e., 155.4 D beads); and (d) f& = 0.019 of D7 chains (with 39.8 A B3,
40.2 C5, and 25.2 D7 chains, i.e., 176.4 D beads). Red line represents for A"
beads, green line B beads, blue line C~, cyan line CI~, and magenta line CI*.
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5.53d, respectively). All aggregates are well-defined core-shell structures with
dense cores consisting of the PE chains and D,, chains and protective shells con-
sisting of the neutral soluble B blocks. Full overlap of RDPs for A" and C~ beads
(within statistical errors) indicates that oppositely charged PE chains are homo-
geneously intermixed and that the solubilised D,, chains do not hinder efficient
charge compensation.

Furthermore, the solubilised D,, chains are homogeneously distributed inside
the cores. The neutral D beads concentrate mainly in the central part of the
aggregate core, because solubilised chains located further from the core-shell in-
terface have less severe steric constraints and higher conformational freedom.
The constraints on chain conformations also explain why this effect increases
with longer D,, chains. RDPs for D beads in the systems with the same f3} (plots
in the same row of Figure 5.53) differ significantly in their absolute values, which
mirrors the observations from Figure 5.51.

Components of the gyration tensor in Figure 5.54 show that both the ag-
gregate cores and whole aggregates are roughly spherical. However, with the
increase in Apg, the aggregates (especially aggregate cores) elongate due to steric
constraints. Neither D concentration, nor D,, length affects aggregate size signif-
icantly.
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Figure 5.54: Components of the gyration tensor for aggregate cores (solid lines)
and whole aggregates (dotted lines) for the systems with varying amount and
length of D,, chains: (a), (b), and (c¢) fi = 0.0062 for D3, Ds, and D7 chains,
respectively; (d), (e), and (f) f = 0.019 for D3, D5, and D7 chains, respectively.
Red lines represent g,, green lines g;,, and blue lines g..

Figure 5.55 shows randomly chosen snapshots of simulation box for the sys-
tems with f = 0.019 and D3 (Figure 5.55a), D5 (Figure 5.55b), or D7 chains
(Figure 5.55¢). It illustrates the observed behaviour: with the increase in D,
length, more D,, chains solubilise into aggregates and the aggregates become big-
ger, while the number of free chains decreases.
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Figure 5.55: Snapshots of simulation boxes (the upper row shows all polymer
beads, the lower row shows corresponding aggregate cores, that is, only PE beads)
for the stoichiometric systems (fy T = 1.0) with f{ = 0.019 and varying length
of D, chains: (a) n =3, (b) n =75, and (¢) n =7. AT PE beads are red, C~ PE
beads blue, neutral soluble B beads are green, and neutral badly soluble D beads
are grey.

Second, T present results for non-stoichiometric mixtures of A7 B;5 and Cj
chains, fl\?/Jr = 0.67 and 1.3, containing f3; = 0.012 of D3, D5 or D7 chains. The
systems with an excess of positive AJ Bys, f§/+ = 0.67 (Figure 5.56a), behave
similarly to the stoichiometric case (Figure 5.49b): peaks of F,, shift to higher
Apg with the increase in the length of D,, chains and the distribution becomes
broader. The effects are more pronounced than in the stoichiometric case.

However, the systems with an excess of C; chains, fy I+ = 1.3, behave differ-
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Figure 5.56: Weight distribution functions of aggregation numbers of PE chains,
F.(Apg), for the non-stoichiometric systems with f = 0.012 and (a) fy T =0.67

and (b) f/T =1.3.
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ently. Solubilisation of the shortest D3 chains into the co-assembled cores restricts
the fractions of large aggregates and promotes formations of small aggregates and
free chains. Solubilisation of longer chains, D5 and Dy, shifts the peaks of F, to
higher Ag and broadens the distribution functions, but both of these effects are
less pronounced than for fy /T = 0.67.

Figure 5.57 also shows these differences. Similarly to the case without D,
chains in Figure 5.45a, for f§/+ = 1.0 (stoichiometric system), the ratio of neg-
ative to positive PE chains is 1:1 (green lines) and for the f§/+ = 0.67, the
aggregates always contain an excess of positive Aj Bys chains (red lines). How-
ever, for the systems with fy =13 (blue lines), the behaviour depends on the
length of the solubilised chains: for D; chains, the behaviour is the same as in
the case for the system without solubilised chains, that is, the aggregates contain
more C5 than A} Bi; chains; for D3 chains, the behaviour is opposite, that is, the
aggregates contain more A Bis than C5 chains.
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Figure 5.57: The average numbers of C; chains, (N ™), as functions of the average
numbers of A} Bis chains, (NT), in aggregates in the systems with varying ratio

of negative to positive chains fy / a fv =0.0.012, and different D,, chain lengths:
(a) n=3and (b) n="17.

The same differences between the systems with D3 and D7 chains with fy /T =
1.3 are visible in RDPs for typical aggregates (Apg = 60) in Figure 5.58. Ag-
gregates with D3 chains (Figure 5.58a) contain a surplus of A7 Bys chains (31.9
AIBi5 and 28.1 C5 chains on average), while aggregates with Dy chains (Fig-
ure 5.58¢) contain a surplus of C; chains (27.4 A B and 32.6 C; chains on
average). The surplus of either positive or negative PE charge again concentrates
on the core-shell interface (i.e., the red line is either above or below the blue one).
Figures 5.58b and 5.58d show radial number profiles, RNPs, of PE beads in the
aggregates (i.e., the numbers of beads in a thin spherical shell as a function of
the distance from aggregate centre of mass) with statistical errors. These profiles
confirm the switch of the red and blue lines. The counterions complement the
RDPs of PE beads — in Figure 5.58a the concentration of CI* and CI™ near the
core-shell interface is the same, even though the systems contains more CI~ than
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CI' beads; in Figure 5.58¢c a surplus of CIT near the core-shell interface offset
the negative PE charge of the core.
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Figure 5.58: RDPs for typical aggregates with Apg = 60 in the systems with
fl\?/J’ = 1.3 and varying length of D,, chains (f{} = 0.012): (a) n = 3 chains (with
31.9 A¥Bj5, 28.1 C5, and 28.8 D3 chains, i.e., 84.3 D beads); and (¢) n = 7
chains (with 27.4 A By5, 32.6 C5, and 12.3 Dy chains, i.e., 86.1 D beads). (b)
and (d) show radial number profiles for PE beads in the aggregates (i.e., numbers
of beads in an aggregate as a function of distance from centre of mass, r) with
statistical errors. Red lines represents for A™ beads, green lines B beads, blue
lines C~, cyan lines CI~, and magenta lines CI™.

A complex interplay between enthalpic and entropic forces causes this be-
haviour. Short hydrophobic D3 chains enter the cores for enthalpic reasons. They
can be easily accommodated in small aggregates, so their solubilisation does not
promote the formation of high-Apg aggregates. In the systems with a surplus of
C5 chains, the solubilisation of short D3 chains into aggregate cores reduces steric
stress experienced by the longer PE blocks enclosed in cores of limited size; the
ends of the A7 blocks connected to the soluble By blocks must be at the core-
shell interface. The D chains can replace some Cj chains (which are soluble in
bulk due to their electric charge) in an aggregate core, whereas similar release
of AFBy5 chains would destabilise the aggregates, because it would also decrease
the number of solvophilic shell-forming blocks. The surplus negative PE charge
still concentrates on the core-shell interface.

On the other hand, the solubilisation of neutral chains with at least the same
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length as that of PE blocks is easier in larger aggregates due to steric constraints,
so the solubilisation of longer D,, chains promotes the formation of high-Apg
aggregates. Because there is no advantage in exchanging the C; chains for D,
chains of the same length (or longer), the ratio of oppositely charged PE chains
is the same as in the case without solubilised D,, chains. The surplus negative
PE charge concentrated on the core-shell interface is offset by the surplus of CI*™
near the interface.

The radius of gyration of aggregate core, Rg., for typical aggregates (Apg =
60) increases as expected with the solubilisation of D,, chains (Figure 5.59). For
the systems with an excess of C; (fy /It = 1.3), the core is largest for the shortest
solubilised chains, D3, while for other systems, these cores are smaller than those
containing D5 or D7 chains. This stems from the above-discussed replacement
of Cy chains with D3 chains and from the ease of solubilisation of the short
D3 chains. The minima in all curves for fy /T = 1.0 reflect the formation of
charged PE layer in non-stoichiometric systems; electrostatic repulsion in this
layer enlarges the IPEC cores.
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Figure 5.59: Radius of gyration of aggregate core, Rq ., for aggregates with Apg =

60 as a function of the ratio of negative to positive PE chains, fy / T for systems
with fy; = 0.012 and different length of solubilised D,, chains.

Table 5.1 shows partition coefficients of D beads between aggregate cores and
bulk solution, Ky = ¢./¢, (where c. is the concentration of D beads in the cores
and ¢, is its concentration in the bulk). The coefficient K} increases with increas-
ing D, length (i.e., with decreasing solubility of D,, chains) for all concentrations

of D beads in the system, fy;, and all ratios of negative to positive chains, fy as
While K = 40 for D3 chains is relatively low, the approximately 40 times higher
concentration in the cores than in bulk solution indicates a meaningful accumu-
lation of the non-polar chains in IPEC cores. K; for D3 chains slightly increases
with the increase in f5;, because Apg increases with increasing concentration of
D beads (Figure 5.49). The aforementioned shift of the distribution function to-
wards lower Apg upon solubilisation of D3 chains causes K} to decrease with the
increase in fy al (i.e., the increase in concentration of C5 chains).

K; for longer D,, chains also depend on both f; and fy as Similarly to K¢ for
D3 chains, Ky for longer D,, chains increases with the increase in fy;. However,
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K; for longer D,, chains goes through a shallow minimum for fy T =10 (i.e.,
stoichiometric system).

Table 5.1: Partition coefficients, Ky = c./cp, (ratio of average concentration of D
beads in IPEC cores, ¢, and in bulk, ¢,) for the systems with varying ratio of
negative to positive chains, fy / ", and length, n, and amount, fv, of D, chains.
Symbol x denotes the lack of simulation data for the given system.

K;
f{} = (0.0062 f{} = (0.012 f{} = 0.019
/T Dy Ds D; Dy Ds D; Dy D; Dy

0.67 X X x 43.3 169 666 X X X
1.0 40.2 152 502 41.2 168 617 419 186 739
1.3 X X x 31.0 174 643 X X X

In this section I have shown that solubilisation of neutral badly soluble ho-
mopolymers into IPEC cores does not significantly destabilize the electrostatic co-
assembly. Solubilisation of chains of at least the same length as the core-forming
PE blocks promotes formation of large aggregates in all cases. Solubilisation of
short neutral chains have less pronounced effect. Moreover, in non-stoichiometric
systems with surplus homopolyelectrolyte chains, the effect is reversed and the
solubilisation of short chains hinders formation of large aggregates. The solu-
bilised short neutral chains partly replace the homopolyelectrolyte chains in the
IPEC cores, which also reverses aggregate charge, that is, the aggregates carry
charge opposite to the PE surplus charge in the system.

5.3 Mixture of modified poly(N-isopropylacryl-
amide) with dodecylpyridinium chloride

In this section, I present simulation results of self-assembly of poly(N-isopropyl-
acrylamide) modified by dodecyl and carboxyl terminal groups (mPNIPAm) and
its co-assembly with cationic surfactant, dodecylpyridinium chloride (DPCI).
Simulation results were inspired by and compared with experimental measure-
ments of light and X-ray scattering.

Repulsion parameters are shown in Table 4.3. The solubility of the dodecyl
group, ass = 48.5, the solubility of the PNIPAm block, ags = 27, and the
compatibility of the two blocks, ax p = 40, were set according to the scattering
measurements of the micelle size of pure mPNIPAm aqueous solution at room
temperature. The value ags = 27 corresponds to conditions below PNIPAm
LCST.

Because pyridine is miscible with water, the solubility of the surfactant head
was set to apg+ g = 25. It is also compatible with hydrocarbon chains, so ag g+ =
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25. The choice for surfactant head compatibility with the dodecyl groups is more
complicated. Because H' is charged, it cannot enter a micellar core composed
entirely of aliphatic chains. The dielectric constant in non-polar environment is
about forty times lower than in water, so the electrostatic interactions inside the
core are much stronger, causing stronger repulsions between charged particles
than in aqueous environment. Because I study mPNIPAm micelles, I can mimic
the decreased dielectric constant inside the core by increasing the repulsion be-
tween the H* head group and the Aj block, ax y+. To assess this effect, I varied
ap u+ between 25 (fully compatible) and 50 (highly incompatible).

Figure 5.60 shows weight distribution function of aggregation number, F,(Ag),
in a solution of pure mPNIPAm. A large fraction of chains is dissolved in bulk
(f1 = 0.16) and the most populated aggregate by mass contains 23 A3BggB~
chains.

Figure 5.61 shows structure of the most populated aggregate by mass (Ag =
23). The aggregate is a core-shell structure with the core consisting of dodecyl
groups (A blocks) and the shell of PNIPAm blocks (B blocks). The dense core is

Figure 5.60: Weight distribution functions of aggregation numbers, Fy(As), for
pure mPNIPAm solution.
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Figure 5.61: RDPs for the most populated aggregate (As = 23) in the pure
mPNIPAm solution. Full ochre line represents A beads (dodecyl block), dashed
green line B beads (PNIPAm block), dotted blue line B~ beads (carboxyl terminal
group) and dash-dotted magenta line CI™ (positive counterions).
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relatively small, because the A block is only three beads long, whereas the shell
is broad, because the B block contains thirty beads. The charged carboxyl end
group (B~ beads) has a broad RDP peak with maximum beyond the maximum
of the shell-forming block, which shows that non-negligible fraction of PNIPAm
blocks are stretched. The charge of the carboxyl B~ beads is partly offset at short
distances by CIT.

Gyration tensor components in Figure 5.62 demonstrate that both aggregate
cores and whole aggregates are spherical; the ratios g.:gy,:g. for aggregates with
Ag = 23 are 1:1.26:1.66 for the core and 1:1.17:1.36 for whole aggregates. Fur-
thermore, the aggregate cores are quite small.

Figure 5.63 shows weight distribution functions of aggregation numbers, Fy, (As),
for systems with the increase in the concentration of AsH™ surfactant chains.
With increasing surfactant concentration, fﬁ/ P the fraction of free chains (a sum
of free mPNIPAm and free surfactant chains) decreases, the distribution peaks

Figure 5.62: Components of the gyration tensor, g., g, and g., of aggregates in
pure mPNIPAm solution. The colours are the same as in Figure 5.3.
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Figure 5.63: Weight distribution functions, Fy,, of aggregation numbers, Ag (i.e.,
sum of surfactant and mPNIPAm chains), for the systems with varying surfactant-

to-mPNIPAm ratio, f2/°, and a g+ = 30.
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Figure 5.64: Weight distribution functions, F, of aggregation numbers of mP-
NIPAm chains only, A,, for the systems with varying surfactant-to-mPNIPAm

ratio, fﬁl/p, and ax p+ = 30.

broaden, and the maxima first shift to higher Ag before shifting back to lower
As. However, the differences are small. Figure 5.64 shows that the number of ag-
gregated mPNIPAm chains, A,,, decreases with the increase in f;I/ P Comparison
between plots in Figures 5.63 and 5.64 indicates incorporation of more surfactants
into the aggregates with the increase in fﬁ/ P

Steric constraints cause the observed behaviour: dodecyl groups from both
species are connected to beads that must reach core-shell interface. Because
the long PNIPAm BogB™ chains can shield the hydrophobic core more efficiently
than the small surfactant heads, incorporation of surfactants into aggregates is
energetically more favourable than formation of surfactant micelles. However,
any incorporation of AsH™ chains into aggregate cores of limited size requires the
decrease in the number of mPNIPAm chains in the aggregates, A,.

RDPs of typical aggregates (As = 40) show that the aggregates have well-
defined core-shell structure (Figure 5.65). The ratio of A beads from mPNIPAm
and surfactant chains in the core depends on fﬁ/ P which illustrates the gradual
replacement of mPNIPAm chains by surfactant chains with the increase in the
surfactant concentration. Contrary to the aggregates in pure mPNIPAm solu-
tion, the charged B~ carboxyl beads concentrate on core-shell interface, which
indicates collapse of a large fraction of the shell-forming PNIPAm blocks. For

ﬁj/ P =0.49 (Figure 5.65a) the density of counterions is low and almost constant
throughout the shell, which indicates the Ht charge is offset almost exclusively by
the carboxyl B~ beads. However, for higher IZ/ P RDPs for negative counterions,
CI~, show a pronounced peak near the core-shell interface, which indicates that
both B~ and CI~ offset the HT charge. The repulsion between A and H' beads,
axp+ = 30, ensure the charged surfactant heads do not penetrate the core, but
stay on the core-shell interface.
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Figure 5.65: RDPs for typical aggregates with As = 40 in the systems with
ap p+ = 30 and varying surfactant-to-mPNIPAm ratio: (a) g/p = 0.49 (with 26.4
A3ByB™, and 13.6 AzH™ chains), (b) E/p = 1.0 (with 20.2 A3By9B~, and 19.8
A3HT chains), (c) E/p = 2.0 (with 14.6 A3ByB~, and 24.4 A3H" chains), and
(d) ﬁ/p = 3.5 (with 10.1 A3ByB~, and 29.9 A3H™ chains). Ochre lines represent
A beads from mPNIPAm chains, green lines B beads (PNIPAm block), blue lines
B~ beads (carboxyl terminal groups of mPNIPAm), black lines A beads from
surfactant, red lines H (surfactant heads), cyan lines CI~ (negative counterions),
and magenta ones CIT (positive counterions).
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Figure 5.66: Components of the gyration tensor, g., gy, and g., of aggregates in
the systems with varying ratio of surfactant to mPNIPAm chains: (a) 12/ P —=0.49,

(b) fﬁ/p = 1.0, and (c) fﬁ/p = 2.0, The colours are the same as in Figure 5.3.
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The partial collapse of the shell is also visible on the components of the gy-
ration tensor (Figure 5.66). With the increase in the surfactant concentration,
whole aggregates (dotted lines) are getting smaller, while aggregate cores (solid
lines) remain the same (compare also with Figure 5.62 for aggregates in pure
mPNIPAm solution).

Randomly chosen snapshots of the simulation box for the systems with the
increase in f;{ ?in Figure 5.67 illustrate the above-discussed trends. As the sur-
factant concentration, fﬁl/ P increases, the number of large aggregates increases.
The fraction of free mPNIPAm chains decreases with the increase in f]fl/ P while
the fraction of free surfactant chains slightly increases. The snapshots also clearly
show that neither pure mPNIPAm nor pure surfactant micelles form in the sys-
tems containing surfactant and that the PNIPAm blocks from different aggregates
interpenetrate.
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Figure 5.67: Snapshots of simulation boxes (the upper row shows all polymer
beads, the lower row shows corresponding aggregate cores, that is, surfactant
A3H™ chains and Aj blocks from mPNIPAm chains) for the systems with ay g+ =

30 and varying amount of added surfactant: (a) f3/” = 0.0, (b) 0.49, (c) 1.0, and
(d) 3.5. A beads from mPNIPAm chains are yellow, B PNIPAm beads green, B~
carboxyl groups from mPNIPAm chains blue, A beads from surfactant grey, and
H* surfactant heads are red.

Figure 5.68 shows the effect of compatibility of H* and A beads, a y+, on the
weight distribution functions. For fﬁl/ P = (.49, both distributions of aggregation
number, Fy(Ag) (Figure 5.68a), and of aggregation number of mPNIPAm only,

Fy(Ap) (Figure 5.68d), shift with the increase in aa g+ to slightly lower Ag and
Ay, respectively. However, for fﬁ/ P> 1.0, the changes to distribution functions
are negligible. Figure 5.69a shows that H™ in aggregates in the systems with
ax m+ = 25 penetrate the core and the aggregates contains more surfactant chains
than aggregates in the systems with ay g+ = 50, where the H* do not penetrate

73



5.3. Mixture of mPNIPAm with DPCI 5. Results and discussion

SO P01 T ] ST w210 T ] o =20 T
=4 +4 24 4 ]
X 4 X 4 X B
2 72 1 i}
LL‘O_ | 1 | LL‘O | 1 | |
0 30 60 0 30 60
S S
10 T T T —~10F "~ T T T3
T (d) T (e)
= 12 0 |
X 9 41X o —
z 1.2 1
0 30 60 0 30 60 0 30 60
Ap Ap AP

Figure 5.68: Weight distribution functions, Fy, of aggregation numbers, Ag, (a)
to (c), and of aggregation numbers of mPNIPAm chains only, A, (d) to (e), for
systems with varying compatibility of H" and A beads, ax u+, and surfactant-to-
mPNIPAm ratio: (a) and (d) £/ = 0.49; (b) and () f¥/P = 1.0; and (c) and (f)
P —20. (a) and (f) fY/P = 2.0. Red lines represent systems with ax y+ = 25,
green lines systems with a g+ = 30, and blue ones systems with as g+ = 50.
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Figure 5.69: RDPs for aggregates with Ag = 40 in the systems with fﬁl/p = 2.0
and varying as g+: (a) aa g+ = 25 (with 25.9 A3ByoB~, and 14.1 A3H™ chains),
(b) axp+ = 50 (with 24.8 A3ByB~, and 15.2 AsH™ chains). Colours are the
same as in Figure 5.65.

the core (Figure 5.69b).

Next, I summarise results from all studied systems. Figure 5.70a shows
the dependence of normalised z-average radii of gyration of aggregate cores,
(Ra.o)s/ (Rae)nos on f/P ({Ra.e)so represents the value at fi/® = 0, ie., pure
mPNIPAm solution) for aggregates with Ag > 10. The value Ag = 10 is close to
the minima in Fy(Ag) for all studied systems (Figures 5.63 and 5.68a to 5.68¢c).
In the region of low fﬁ/ P the core size increases, because some surfactant chains
easily incorporate into the core. However, for fil/ P> 1 the core size remains the
same. This is in agreement with the data presented above, which show that some
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Figure 5.70: Normalised z-average radii of gyration of (a) aggregate cores,
(Ra.c)s/(Rc.c)z0, and (b) whole aggregates, (Rg),/(Ra).0, as functions of fﬁ/p
for varying aa g+ for aggregates with Ag > 10. The subscript 0 represents the
values for f/* = 0 (pure mPNIPAm solution).

mPNIPAm chains are replaced with surfactants.

Conversely, the normalized z-average radii of gyration of whole aggregates,
(Ra)./(Ra)z0, in Figure 5.70b show that aggregates are getting smaller with the
increase in fi/ P This is due to the above-discussed decrease in the aggregation
number of mPNIPAm chains, A, with increasing fﬁ/ P,

Figure 5.71 shows average aggregate composition. In all cases, the plotted
dependences of the average number of surfactants, (Ng), on the average number
of mPNIPAm chains, (N,), in aggregates monotonously increase. For fﬁl/ P,
the dependences are almost linear. For higher f;/ P the initial slope corresponding
to small loose aggregates is steep, but for N, > 5 corresponding to core-shell
aggregates, the rate of increase of (IV5) against (N,) decreases. The compatibility
of A and H* beads, as py+, does not affect the composition significantly.

45

Figure 5.71: Average numbers of surfactants, (N), as functions of average number

of mPNIPAm chains, (N,), in aggregates for systems with varying a, y+ and fﬁ/ P,
Full red lines represent systems with as g+ = 25, dotted green lines systems with
apu+ = 30, and dashed blue ones systems with as g+. The numbers are the

values of f2/* for the corresponding lines.
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Figure 5.72: Normalised z-average radii of gyration of aggregate core,
(Rac)u/(Ra.e)ao ((Rae)zo stands for the value at fﬁ/p = 1.0), as function of
;I/ P Green line corresponds to experimental data, red line to simulations with

aa p+ = 30, and blue point to a simulation of a hypothetical triblock copolymer
AgBlloBlgB_.

Because aggregate core size is the most important parameter that controls and
restricts co-assembly in the studied system I compared radii of gyration of the
cores from DPD simulations with those from experiments of small angle X-ray
scattering (SAXS). Figure 5.72 shows that the simulations agree with experiment

at low surfactant concentration ( il/ P < 2). The simulation results predict the
initial increase of the core size for fﬁl/ P < 0.5 and the constant size for 0.5 <
P <9,
N —

However, the core size in experimental data increases again for fil/ P> 2. The
specific interactions discussed in Section 4.3.3 cause this discrepancy. In analogy
with behaviour of PNIPAm stars [86], the inner part of the PNIPAm corona
dehydrates earlier than the periphery and collapses upon addition of increasing
amounts of surfactant. PNIPAm blocks form intra- and inter-chain hydrogen
bonds in place of those with water. Consequently, scattering intensity from the
core covered by a dense part of the collapsed corona increases. Moreover, the
formation of hydrogen bonds in the inner part of aggregates kinetically freezes the
aggregates and prevents the decrease of aggregation number of mPNIPAm chains
for higher f;I/ P predicted by the simulations. Furthermore, the dehydrated (more
hydrophobic) PNIPAm domains can solubilise dodecyl surfactant tails in the
layer around the original dodecyl core. This, I believe, causes the experimentally
observed core size increase for fi/P > 2.

To substantiate this hypothesis, I performed DPD simulations of a hypotheti-
cal triblock copolymer A3B}B19gB~, where I split the original Byg PNIPAm block
into two parts. B/, is connected to the dodecyl Aj block and represents the part
of the PNTPAm block close to the aggregate core that collapses upon addition
of surfactant. Big represents the part of the PNIPAm block further form the
aggregate core that remains hydrophilic.

Table 5.2 shows the repulsion parameters for this hypothetical triblock copoly-
mer. The value ap/ g = 30 reflects increased hydrophobicity of the inner PNIPAm
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Table 5.2: Repulsive parameters in terms of a;; and x;; for the system with hy-
pothetical mPNIPAm triblock and DPCI (S stands for solvent and CI for coun-
terions).

A B’ B,B~ H* S, CIt/~
S, CI*/— 485 30 27 25 25

H* 30 25 25 25
B, B~ 40 25 25
B’ 30 29
A 25
Xij
A B’ B,B~ H* S, CIt/~
S,CI*/= 72 31 061 0 0
H* 3.1 0 0 0
B, B~ 4.6 0 0
B’ 3.1 -0.92
A 0

block part. Because B’ domain is hydrophobic, it is also less incompatible with
the dodecyl blocks, so agr o = 30. The tendency towards intra- and inter-chains
hydrogen bonds in the B’ domain is represented by decreased repulsion between
B’ beads, ap'pr = 22. The repulsion parameters for the outer PNIPAm block
B1oB™ remain the same. I performed a simulation for fﬁ/ P =3.5.

Figure 5.73 shows a broad weight distribution function for both Ag (Fig-
ure 5.73a) and A, (Figure 5.73b) in the systems with the hypothetical triblock
chain. The aggregates are larger than in the systems with the original mPNIPAm
chains.

Figure 5.74 compares structures of aggregates with A, = 10 for the system
with the original mPNIPAm chains (Figure 5.74a) and the hypothetical triblock
chains (Figure 5.74b). As expected, the aggregates with the original mPNIPAm
chains contain less surfactants. The surfactants are also concentrated more in
the inner part of the aggregate core. Conversely, the larger amount of surfactants
in the aggregates with the hypothetical triblock chains spread more into the
aggregate shell. The PNIPAm beads also partly penetrate the shell.

Figure 5.74¢ directly compares the shells of aggregates from the original mP-
NIPAm chains (with the PNIPAm block split into By and Bjg parts) with those
from the hypothetical mPNIPAm chains. The carboxyl groups are not depicted,
because their overall concentration is low. Both B’ and B beads from the hypo-
thetical chains (solid lines) are concentrated nearer the aggregate centre of mass.
Their RDP peaks are also narrower and higher, indicating that the hydrophobic
B’ block is collapsed around the dodecyl core as expected. Figure 5.74d directly
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compares the densities of aggregate cores (i.e., the sum of A and H™ beads) and
of the whole aggregates (again, without the small concentration of B~ beads). It
clearly shows that both the core and the whole aggregate in the system with the
triblock chains (solid lines) are larger. The partial intermixing of A and B’ beads
in the aggregate core is again clearly visible.

The blue point in Figure 5.72 shows that the z-average aggregate core size is
larger for the systems with triblock chains than with diblock chains (red line),
but the core is still smaller than in experiments. Because the point of the sim-
ulation with triblock chains was to substantiate the above-discussed hypothesis
on a qualitative level, more complex data analysis (or optimization of repulsion
parameters) would bring no new information.

In this section, I have shown that a simple DPD model that does not include
specific interactions can be used to reproduce important characteristics of so-
lution of modified poly(N-isopropylacrylamide) with cationic surfactant dodecyl-
pyridinium chloride. However, the model fails for large surfactant concentrations,
because it lacks the specific interactions (i.e., the model does not reflect the re-
distribution of hydrogen bonds with the increase in the surfactant concentra-
tion). I showed that physically sound qualitative modification of the interaction
parameters can emulate the specific interactions and help in interpretation of
experimental data.

|
0 40 80 120

Figure 5.73: Weight distribution functions, F,, of aggregation numbers, Ag,
(a), and of aggregation numbers of mPNIPAm chains only, A, (b) for systems
with fﬁ/ P'= 3.5. Red lines represent results for the original mPNIPAm diblock,
A4BoyB™, and blue ones for the hypothetical triblock chains, A3B|,B19B~.
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Figure 5.74: RDPs for aggregates with A, = 10 in the systems with fﬁ/ P=35
and (a) the original mPNIPAm chains (with 28.1 surfactants in aggregate on
average); (b) the hypothetical mPNIPAm triblock chains (with 35.9 surfactants
in aggregate on average). Ochre lines represent A beads from mPNIPAm chains,
green lines PNIPAm beads (either B beads for the original chain, or sum of B
and B’ for the hypothetical one), blue lines B~ beads, black lines A beads from
surfactant, red lines Ht, cyan lines CI™, and magenta ones CIT. (¢) RDPs for Bf,
(blue lines), Bjg (red lines) blocks, and the sum of B, and Byg blocks, i.e. the
whole PNIPAm block (green lines). (d) RDPs for aggregate core, i.e., the sum of
all A and H* beads (red lines), and whole aggregate, i.e., the sum of all A, HT,
PNIPAm (B and B’) beads (blue lines). solid lines in (¢) and (d) represent data
for the hypothetical triblock chains and dashed lines for the original mPNIPAm
chains (with PNIPAm block split into By and Byg blocks).
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I have performed a set of computer simulation studies aimed at understanding
general trends in electrostatic self- and co-assembly, especially in non-stoichio-
metric systems. I studied assembly in systems containing oppositely charged
species, such as homopolyelectrolytes or diblock copolymers with a solvophilic
neutral block. I also studied their interactions with neutral polymers or surfac-
tants.

In the first part, I studied electrostatic co-assembly in non-stoichiometric mix-
tures of diblock copolymers containing a solvophilic neutral block and a positively
or negatively charged block. In contrast to stoichiometric mixtures [78, 78], ag-
gregates in non-stoichiometric mixtures are charged and fractions of large aggre-
gates are smaller, while the number of free chains increases. From three options
to impose charge imbalance (increased number of chains with one type of charge,
increased length of the PE block with one type of charge, or increased charge
density on one type of the PE block), increasing the charge density destabilises
large aggregates the most. Conversely, lengthening the PE block has the smallest
effect, because the charge imbalance is partly offset by increased solvophobicity of
the longer PE block. The surplus aggregate charge concentrates on the core-shell
interface, where it is offset by oppositely charged counterions (similarly to charge
stabilisation on surface of inorganic colloids [91]).

Although distinct core-shell aggregates form in mixtures of polymers with in-
compatible copolymer blocks, full block compatibility promotes intermixing be-
tween PE and neutral blocks. Consequently, large microgel-like nanoparticles or
ill-defined crew-cut aggregates form in the mixture of copolymers with compatible
blocks.

In the second part, I studied electrostatic co-assembly of diblock copolymers
containing a PE solvophobic block and a neutral solvophilic block with oppositely
charged solvophobic homopolyelectrolytes. This computer study was inspired by
the experimental work of Burgh et al. [81]. Similar observations to those in the
first part can be made here: in stoichiometric systems, large IPEC cores are
neutral, while aggregates are smaller and charged in non-stoichiometric systems
(with surplus of either the diblock copolymers, or the homopolyelectrolytes). A
large PE charge imbalance prevents any aggregation.

Solubilisation of neutral solvophobic chains into IPEC cores co-assembled in
stoichiometric systems promotes the formation of aggregates containing more PE
species. This effect is more pronounced for long neutral chains, because steric
constraints hinder their solubilisation into small IPEC cores.

In non-stoichiometric systems, the solubilisation of long neutral chains is sim-
ilar, but the solubilisation of short chains is different. Although the solubilisation
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of short neutral solvophobic chains in systems with a surplus of diblock copoly-
mers still promotes co-assembly, this solubilisation hinders co-assembly in the sys-
tems with a surplus of homopolyelectrolytes. Short neutral chains replace some of
the homopolyelectrolytes in the IPEC core, reversing the aggregate composition
(and, therefore, its charge); in systems without neutral homopolymer chains, the
aggregates contain more homopolyelectrolytes than diblock chains (mirroring the
homopolyelectrolyte surplus in the system). However, when adding short neutral
chains, the aggregates contain a surplus of diblock chains.

In the third part, I studied the self-assembly of poly(N-isopropylacrylamide)
(PNIPAm) modified by carboxyl and dodecyl terminal groups (mPNIPAm) and
its co-assembly with the cationic surfactant dodecylpyridinium chlorid. I repro-
duced the increase in aggregate core size when adding small amounts of surfac-
tants, and its constant size when adding moderate amounts of surfactants. The
computer simulations showed that surfactants replace some mPNIPAm chains in
the aggregates when increasing surfactant concentration. Therefore, the aver-
age aggregate core size remains constant, while the size of the whole aggregate
decreases.

However, the experimental data show an increase in aggregate core size when
the surfactant concentration is further increased. DPD simulations failed to re-
produce this effect because this effect is caused by specific interactions (i.e., re-
distribution of hydrogen bonds between PNIPAm units and water) that are not
included in the DPD model. Nevertheless, I showed that a careful, physically
sound, qualitative modification of interaction parameters can emulate the specif-
ic interactions.

This work has shown the usefulness of highly coarse-grained computer simu-
lations. A properly parametrised DPD method, when used correctly, can both
predict the behaviour of complex systems and help to interpret experimental data.
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7. Future plans

I plan to further my studies on electrostatic co-assembly by focusing not only
on the formation of electrostatically co-assembled structures, but also on their
behaviour in complex polymer solutions. I plan to study their ability to solubilise
and release other small amphiphilic species and to form new complex structures
with other amphiphilic species with different architectures.

First, I will complement the set of parametric studies presented here with
studies on electrostatic co-assembly in stoichiometric systems containing asym-
metric PE species, such as oppositely charged homopolyelectrolytes of different
lengths or oppositely charged block copolymers containing PE blocks with differ-
ent lengths.

Second, I will start researching possible new complex structures and their be-
haviour through a parametric study of three-layer onion micelle formation. Block
copolymers containing a hydrophobic neutral block and a less hydrophobic PE
block self-assemble into core-shell micelles with shells containing the PE blocks.
Then, block copolymers consisting of an oppositely charged hydrophobic block
and a neutral hydrophilic block will be added to the colloidal solution. There-
fore, the resulting nanoparticles will contain a non-polar core surrounded by an
electrostatically co-assembled layer that will be surrounded by a soluble shell.

In both cases, the effects of block lengths, PE concentrations, PE amphiphilici-
ty, and block compatibility on the structure and stability of self- and co-assembled
nanoparticles will be assessed. The effect of the presence of other species (e.g.,
low molar compounds, surfactants or oligomers) on the properties of the aggre-
gates will also be assessed. The results from these studies will determine the
future direction of my research.
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