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Abstrakt

Předkládaná PhD Disertace popisuje a shrnuje moje experimentálńı studie asociace
amphifilńıch blokových kopolymer̊u a polyelektrolyt̊u, které jsem prováděl v letech
2015 – 2020 ve skupině svého školitele prof. Dr. Karla Procházky, DrSc. na Katedře
fyzikálńı a makromolekulárńı chemie Př́ırodovědecké fakulty Univerzity Karlovy v
Praze. Studoval jsem zejména tvorbu, strukturu a vlastnosti nanočástic tvořených
polymery a polyelektrolyty obsahuj́ıćımi hydrofobńı páteř ve vztahu k stabilitě je-
jich vodných disperźı. Disertace je založena na publikaćıch, jichž jsem bud’ prvńım
autorem či spoluautorem, a skládá se ze čtyř hlavńıch část́ı. Dosažené výsledky mi
dovolily vysvětlit strukturu a vlastnosti studovaných asociovaných částic a rozho-
duj́ıćı trendy jejich chováńı.

Spontánńı tvorba, rozpustnost a vlastnosti jak amphifilńıch tak i elektrosta-
ticky stabilizovaných nanočástic jsou výsledkem velice komplikované souhry ent-
ropických sil odrážej́ıćıch konformace polymerńıch řetězc̊u a jejich elasticitu (za-
hrnuj́ıćıch rovněž entropické efekty protiiont̊u) a enthalpických sil zahrnuj́ıćıch ne-
elektrostatické (hydrofilńı, hydrofobńı či amphifilńı) interakce, včetně kompatibi-
lity/nekompatibility jednotlivých stavebńıch jednotek, a elektrostatické interakce.
Výsledné chováńı je proto složité a záviśı na mnoha faktorech (teplotě, koncentraci,
pH, iontové śıle, atd.).
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Abstract

The Thesis describe my studies based on self-assembly and co-assembly of block
copolymer micelles that I conducted at the Department of Physical and Macro-
molecular Chemistry at the Charles University, Prague in the research group of my
supervisor, Prof. Dr. Karel Procházka, DrSc. The Thesis based on my publications
and consists of four parts. Here I studied the formation of polymeric nanoparticles
in aqueous solutions formed by polyelectrolytes with hydrophobic backbones by a
combination of several experimental methods. The achieved results enabled me to
explain the structure and properties of studied self- and co-assembled nanoparticles
and to outline the decisive trends of their behavior. The spontaneous formation, sol-
ubility and stability of complex nanoparticles depend not only on the electrostatic
attractive forces but also on the hydrophobic effects. As the enthalpy-to-entropy
interplay is very complex, a number of external factors such as temperature, pH,
salinity and concentration affect the assembling process and structure of formed
nanoparticles.
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Chapter 1

Introduction

The aim of the introductory chapter is to provide an overview on the work performed
in the framework of my Thesis. First, the motivation of my Ph.D. studies and the
aim of the Thesis are stated, followed by a brief sketch of major concepts dealt with
in the Thesis and a short description of principles of experimental techniques used.

1.1 Thesis Motivation

The self-assembly and co-assembly of polymers (particularly of block copolymers and
block polyelectrolytes) in solutions are important phenomena, which have been am-
ply studied by experimentalists and theoreticians for several decades, because the
self-assembled nanoparticles (often stimuli-responsive) offer numerous applications
in a number of biomedical and nanotechnological areas. My Thesis aims at the prepa-
ration of novel and application-promising polymeric assemblies and at investigation
of their properties and trends of their stimuli-responsive behavior.

Even though the self- and co-assemblies of polymer species have been intensively
studied and the prepared nanostructured materials or nanoparticles already find
applications in various fields of chemistry, physics and biology [72, 294, 314], the
fast-growing modern nanotechnologies calls for further research in this field. The
polymer assembly is a fascinating area form the viewpoint of basic experimental and
theoretical research. A number of experimental techniques, such as light scattering,
SANS, SAXS, NMR, UV-Vis and fluorescence spectroscopy, microscopy, ICT, DSC
etc. [6, 97, 195, 246, 280, 288, 296] can be used for its study and I was happy to have
the opportunity to study the polymer self-assembly experimentally at the Depart-
ment of Physical and Macromolecular Chemistry of Faculty of Science of the Charles
University in Prague by light scattering in combination with other techniques.

1.2 Aim

Aim of my research is to investigate the self and co-assembly of several newly syn-
thesized block copolymer samples using advanced characterization techniques and to
contribute to the broadening of our knowledge of the behavior of assembling polymer
systems. Specifically, it concerns the preparation and studies of structural character-
istics and properties of complex polymer structures like core-shell or onion micelles
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and kinetically frozen nanoparticles formed by hydrophobically or by specifically ion-
ically modified copolymers and studying their properties and potential applications
using the static and dynamic light scattering in combination with electron microscopy
and other techniques.

1.3 Studied Topic and its Relevance

Molecular self-assembly is the spontaneous association of amphiphilic molecules dis-
solved in a selective solvent (solvent of one part, A of the molecule and simul-
taneously a non-solvent for the other part, B) under equilibrium conditions into
stable, structurally well-defined aggregates based on non-covalent interactions [295].
The self-assembly process leads to the formation of various structures depending on
shapes and properties of assembling molecules. In associates, the insoluble parts of
molecules are localized inside the nanoparticles and are protected against interac-
tions with the solvent, i.e., the number of unfavorable interactions is minimized and
the process is enthalpy driven. However, entropy decreases during the association
process, because the translational entropy is lost upon the formation of compact
dense particles. This means that entropy plays the role of the stop factor, particu-
larly in polymer assemblies in organic solvents. In aqueous systems (both surfactants
and polymers), the changes in the structure of water in the close vicinity of asso-
ciates play important role and affect both the entropy and enthalpy of the system
and the winner (driving force) and the looser (the controlling stop grow factor) of
the intricate entropy-to-enthalpy competition often change with temperature, ionic
strength, etc. [73,227].

Self-assembly of small molecules. Surfactants (surface active agents), lipids,
etc. are very well-known examples of low-molecular-weight amphiphiles with distinct
hydrophilic and hydrophobic parts. These systems, with both important technical
applications and vital biological functions, have been extensively studied throughout
the 20th century and an appropriate understanding of their behavior has emerged
[69,135,155]. The scheme of the self-assembly and the structure of surfactant micelles
are depicted in fig:1.1. Surfactant self-assemblies can be divided into two main
groups: (1) spatially limited or discrete associates, such as spherical, prolate, or
cylindrical micelles, and (2) large or spatially almost unlimited self-assemblies which
spread over macroscopic distances in one, two, or three dimensions [144,145,242].

Figure 1.1: Schematic illustration of the reversible monomer –micelle thermody-
namic equilibrium. The red circles represent the surfactant heads (hydrophilic moi-
eties) and the blue curved lines represent the surfactant tails (hydrophobic moieties).

2



Self-Assembly of Macromolecules: While chemical structures of small am-
phiphilic molecules are basically limited to the AB, ABA, and BAB types, macro-
molecules offer significantly richer variety of amphiphilic structures, such as block,
graft, and star copolymers, showed in fig:1.2 which can form the self-assembled
micelles and more complex structures when dissolved in selective solvents [4, 265].
Even though, as already mentioned, the basic principles of polymer assembly are
known and fairly well understood (particularly in case of simple core-shell micelles),
wide choice of monomers differing in chemical nature and in physicochemical prop-
erties that can be polymerized by modern synthetic techniques and the variability
of prepared polymer and copolymer architectures require systematic studies of new
self- and co-assembling polymer systems and investigation of their utilization in
nanotechnologies.

Figure 1.2: Schematic illustration of block, star, and graft amphiphilic block copoly-
mers. (The red curved lines represent the hydrophilic moieties and the blue curved
lines represent the hydrophobic moieties).

3



Chapter 2

Theory and Fundamental
Principles of Characterization
Techniques

In order to investigate the behavior of an unknown materials, one must master the
experimental techniques used. Therefore, in this chapter I will introduce the theory
and basic principles of experimental methods that I have been using during my Ph.D.
study. Furthermore, in this chapter I briefly discussed the experimental setups and
evaluation methods relevant for each of these techniques.

2.1 Light Scattering

Historically, the theory of light scattering has emerged as a result of the pioneering
work by Lord Rayleigh [251–253], Mie [177], Smoluchowsk [271], Einstein [68], Debye
[56],and Zimm [317]. In the 19th century, Lord Rayleigh (John William Strutt)
offered the first explanation for the sky’s brilliant blue color [219]. His interpretation
was based on the fundamental equations describing light and its interaction with
matter, laid out by James Clerk Maxwell in 1865 in one of the most important
achievements of theoretical physics. He used dimensional analysis to show that
the intensity of light in the sky is scattered from particles much smaller than the
wavelength of incident light, is proportional to λ−4. Therefore, the blue light should
be scattered 16x more than red light. This explained the blue sky. Since then a lot
of progress has been made in the interaction of matter with light. Light scattering is
often divided into static light scattering (SLS) and dynamic light scattering (DLS).

2.1.1 Static light scattering (SLS)

Light scattering (LS) belongs to the most widely used characterization methods in
polymer science. Its popularity derives from the fact that the intensity of scattered
light is, in the first approximation, proportional to the sixth power of effective
dimensions of scattering objects, i.e., to the second power of their effective volume
and their molar mass. This means that sizes and molar masses of large molecules
and their changes due to association processes, polymer degradation, etc. [16,20,34,
82, 139] can be easy monitored by LS measurements. fig:2.1 shows the schematic
diagram of the LS instrument.
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Figure 2.1: Light Scattering Apparatus. Sh1 and Sh2 (Shutter), M1 – M3 (Mir-
rors), A1 – A5 (Apertures), P (Beam splitter plate), Att (Beam attenuator), RefDio
(Reflection quadrant photodiodes), L1 – L3 (Bispherical lense), C1 (Probe holder),
C2 (Therostated measurement cell), g (Goniometer), PMT (Photomultiplier tube),
ALV (ALV- 5000/Fast correlator board).

Light scattering is the most general feature of the interaction of light with matter
and the scattered light is a result of electromagnetic induction. Incident light gener-
ates the oscillation of the cloud of valence electrons in illuminated molecules and the
resultant oscillating dipole becomes the source of secondary electromagnetic radia-
tion of the same frequency as the primary beam. [58, 177, 189, 252, 253, 269] Hence,
besides the intensity and the wavelength λ of the primary light, Io and λ, the eas-
iness of polarization of given molecule, i.e., its polarisability tensor, α controls the
intensity of the scattered light IΘ As early as in 1861, Lord Rayleigh derived the
relationship between the above quantities (eq.2.1) and shown that the intensity of
the light (per unit area) scattered by a very dilute system of small isotropic (non-
interacting) molecules measured in the plane perpendicular to the polarization plane
of the incident beam depends on the distance, r from the scattering object, but does
not depend on the scattering angle,Θ .

IΘr
2

Io
=

16π4r2

λ4
(2.1)

The dependence on r−2 reflects the fact that the scattered light is emitted in all
directions and its fraction per unit area decreases with r−2. The steep dependence
on λ−4 comes from the fact that the light intensity (the square of the intensity
of the electric component E2) of the induced electromagnetic field is proportional
to the second time derivative of the induced oscillating dipole moment, p = p0
cos(2πct/λ). The convention that the intensities of the primary and scattered beams
are normalized per unit area, but the latter is further normalized per unit scattering
volume leads to the fact that the practical units of the Rayleigh ratio, RΘ = IΘr

2/I0
are cm−1.
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In macroscopic systems, the interactions between molecules and fluctuations in
local concentration caused by the motion of molecules affect the light scattering
and complicate its physical description. In brief, they generate the fluctuating in-
terference effects and influence the time-averaged intensity of scattered light, IΘ ,c .
Intensity IΘ ,c depends mainly on the fairly fast fluctuating local concentration of the
solute and the thermodynamic treatment shows that it is proportional to the mean
square of the concentration fluctuation, (δc)2. In systems of large molecules (the size
of which is comparable with the wavelength of the incident beam), the additional
(angle dependent) light attenuation is caused by the interference of beams scattered
from different places within large scattering objects which arrive to the detector
with a certain phase shift because the difference in their paths is comparable with
the wavelength of the incident light. This complicates the light scattering studies
and requires the angular measurement, but in turn it enables to evaluate the sizes
of scattering objects and in some cases also their shapes.

In macroscopic systems the microscopic quantity α can be substituted by the
refraction index n (macroscopic material property), because both quantities are
related via the Clausius-Mossotti formula. [66, 98] In practical measurements, the
increased scattering from solutions with respect to that from the solvent is treated
using the refractive index increment (dn/dc) and the final formula for the light
scattering intensity reads

Kc(dn/dc)2

Rcor(Θ , c)
=

−1

[RTP (Θ)]

(︃
∂π

∂c

)︃
T

(2.2)

where K includes all universal and apparatus constants, Rcor(Θ , c) is the corrected
Rayleigh ratio which reflects the increase in scattering intensity due to the presence
of dissolved polymeric particles and geometrical effects due to the angular monitoring
the scattered light intensity, R is the gas constant, T temperature, P (Θ) is the form
factor that describes the attenuation of the light scattered by large particles at
different angles and the derivative (∂π/∂c)T describes the change in the osmotic
pressure with polymer concentration. For relatively low polymer concentrations
and low scattering vectors q = 2πn sin(Θ/2)/λ, eq.2.2 can be re-written into the
following form suitable for the evaluation of characteristics of a dissolved polymer

Kc(dn/dc)2

Rcor(Θ , c)
= [MWP (Θ)]−1 + 2Aa

2
p + ... (2.3)

The angular scattering function, P (Θ) (the form factor) depends on the size and
shape of the scattering object, but the P−1(Θ) limit for q (or Θ)→ 0 can be always
expressed as

lim
x→∞

P−1(Θ) = 1 − 1

3
q2⟨R2

G⟩z (2.4)

which enables to yield the size of scattering objects. The characteristics of interest,
i.e., (i) the experimental molar mass, MW, (ii) radius of gyration, ⟨RG⟩z and (iii)
the second virial coefficient, A2ap reporting on the interaction of the polymer solute
with the solvent are most often evaluated on the basis of the 2D Zimm plot, which
consists of two sets of curves depending on a linear combination of variables Θ and c,
ξ = kc+ sinΘ2, where k is a constant depending on the magnitude of c. The Zimm
plot replaces the 3D image of the hypersurface Z(Θ , c) = Kc(dn/dc)2/Rcor(Θ , c)
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depending on two variables Θ and c by a 2D image consisting of two sets of Z(Θ , c)
cuts plotted as functions of ξ and performed such that one variable, either Θ or c,
remains constant and the other varies.

For moderately disperse polymers with MW ca. 103 − 104, both sets of cuts are
almost linear curves and a relatively accurate evaluation of the above characteristics
is easy. However, common polymer samples are usually disperse in molar mass
and, measured by static light scattering is the weight average, while RG is the z-
average value, not speaking of the second virial coefficient, the averaging of which is
even more complicated. What is important to mention is that both the w-average
and z-average values are sensitive to the presence of low fractions of large particles
(aggregates or microgels). In this case, the angular dependences in Zimm plots are
downcurved at low scattering angles (low scattering vectors) because the interference
and attenuation of scattered beams is less important at low than at high angles and
the extrapolated values provide information on the admixture of aggregates instead
polymer sample of interest. To suppress the curvature (either due to high molar
mass of studied samples or due to the presence of high molar mass admixtures) and
to minimize the uncertainty caused by the extrapolation over a relatively wide range
0◦ to 30◦ (in most wide-angle LS apparatuses, the data are measured in the angular
region from 30◦ to 150◦), Berry proposed to plot the square root [Rcor(Θ , c)]−1/2

instead of [Rcor(Θ , c)]−1. [19, 21]

2.1.2 Dynamic light scattering (DLS)

Dynamic Light Scattering (DLS, also known as Photon Correlation Spectroscopy or
Quasi-Elastic Light Scattering) is one of the most popular light scattering techniques
because it allows particle sizing down to 1 nm diameter. Typical applications are
emulsions, micelles, polymers, proteins, nanoparticles or colloids. The basic principle
is simple: The sample is illuminated by a laser beam and the fluctuations of the
scattered light are detected at a known scattering angle θ by a fast photon detector.
[175,194]

Simple DLS instruments that measure at a fixed angle can determine the mean
particle size in a limited size range. More elaborated multi-angle instruments can
determine the full particle size distribution.

From a microscopic point of view, the particles scatter the light and thereby
imprint information about their motion. Analysis of the fluctuation of the scattered
light thus yields information about the particles. Experimentally one characterizes
intensity fluctuations by computing the intensity correlation function g2(q, τ), whose
analysis provides the diffusion coefficient of the particles (also known as diffusion
constant).

The diffusion coefficient is then related to the characteristic size so called the
hydrodynamic radius of the particles by means of the Stokes-Einstein Equation:

D =
kBT

6πηRH

(2.5)

where kB is the Boltzmann-Constant, T the temperature and η the viscosity.
Dynamic Light Scattering (DLS) refers to an optical technique used for analyz-

ing dynamic properties and size distribution of a broad variety of physical, chemical
and biological systems composed of several constituents [16, 156]. The polymeric
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nanoparticles of the colloidal dispersion under investigation undergo Brownian mo-
tion. This motion results in fluctuations in the distances between the particles and
hence also in fluctuations of the phase relations of the scattered light. The net
result is a fluctuating scattered intensity. The corresponding measured normalized
intensity correlation function is written as:

g2(q, τ) =
⟨Is(q, t)Is(q, t + τ)⟩

⟨Is(q, t)⟩2
(2.6)

with τ being the time lag and q being the scattering vector module. By means of
the Siegert relation can be related to the electric field correlation function g1(q, τ):

g2(q, τ) = 1 + β|g1(q, τ)|2 (2.7)

g1(q, τ) =
⟨Es(q, t)Es(q, t + τ)⟩

⟨|Es(q, t)|2⟩
(2.8)

β being the so-called intercept. The field correlation function may be used to deter-
mine the diffusion coefficient of the scatterers. For a monodisperse sample, the field
correlation function is fitted to an exponential function

g1(q, τ) = e−Γτ (2.9)

yielding the decay rate Γ . From its definition:

Γ = q2D (2.10)

Once obtain the diffusion coefficient D and by using the Stokes-Einstein equation
we can calculate the hydrodynamic radius

RH =
kBT

6πηD
(2.11)

DLS Data Analysis:

Monomodal Distribution - CUMULANT Analysis

The cumulant analysis method, also known as the method that does not require
a prior information, provides mean values of the diffusion coefficient but not the
distribution of diffusion coefficients. [213]

This method enables the determination of the average particle size and the width
of the particle size distribution (PSD) in a colloidal (nanoparticle) sample from a
Dynamic Light Scattering (DLS) measurement. CUMULANT is however based on
the assumption that only one particle population is present (monomodal), which
have the gaussian distribution around the average particle size.

As in all DLS experiments, the particle hydrodynamic radius RH is computed
from the diffusion coefficient D.

D =
kBT

6πηRH

(2.12)
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For a dilute solution, we may view the particles with a given diffusion coefficient
(denoted by i ) as contributing its own exponential to the first order correlation
function so that

g1(q, τ) =

∫︂ ∞

0

G(Γ )exp(−Γ τ)dΓ (2.13)

where Γ = q2D is the reciprocal decay time and G(Γ ) is a weighting factor pro-
portional to the fraction of the scattering intensity contributed by this subset of
particles.
To obtain the diffusion coefficient from a DLS measurement the intensity correlation
function must be analyzed. The standard procedure for this is the application of the
CUMULANT method. By fitting a polynomial of third degree to the logarithm of the
intensity correlation function. In cumulant method, the logarithm of the normalized
correlation function g1(q, τ) is expanded as a Taylor series in the correlation time,
[133]

ln[g1(q, τ)] =
∞∑︂

m=1

km
m!

(−τ)m = −k1τ +
k2
2
τ 2 + ... (2.14)

The coefficients kn are the cumulants and depend on the details of the decay rate
distribution. For short times, the behavior is that of monodisperse suspensions, with
ln[g1(q, τ)] is linear in τ , but with a slope that is equal to the mean decay rate. [58]
⟨Γ ⟩ =

∫︁∞
0

G(Γ )ΓdΓ . Hence, the expansion in eq.2.14 is truncated to liner order,
with k1 = ⟨Γ ⟩ =

∫︁∞
0

G(Γ )ΓdΓ . For longer correlation times, the above linearity is
lost. k2 =

∫︁∞
0

G(Γ)(Γ − ⟨Γ ⟩)2dΓ is the variance of the distribution. The relative
polydispersity of the suspension then follows from the first and second cumulants as
µ =

√︁
k2(k2

1). And we directly deal with the eq.2.13 which establishes that g1(q, τ)
is a Laplace transform of G(Γ ).

g1(q, τ) =

∫︂ ∞

0

G(Γ )exp(−Γ τ)dΓ

=

∫︂ ∞

0

A(τR)exp

(︃
−τ

τR

)︃
dτR

=

∫︂ ∞

0

τRA(τR)exp

(︃
−τ

τR

)︃
dlnτR

(2.15)

where A(τR) is the relaxation time distribution.
Higher orders of the fitting result (2. and 3. cumulant) give the polydispersity

index of the sample. The quality of the result, however, depends significantly on the
quality of the data and the constraint settings of the fitting procedure. CUMULANT
can only determine the particle size distribution of a Gaussian distribution around
one mean particle size. This is often referred to as the Polydispersity Index (PDI).
For bi- or polymodal particle size distributions more complex analysis methods such
as the CONTIN method are required.

Non-monomodal (polydisperse) Distribution – CONTIN Analysis

The constrained regularization method for inverting data (CONTIN) also called
peak constrained analysis. Involves Laplace transform was developed by Provencher.S.W
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[208–211];
For polymer solutions with an arbitrary size distribution, we deal with the

eq.2.15, this transform is a more general Fredholm integrals of the first kind. Un-
fortunately, the inversion of this integral is an ill-posed problem and is therefore
characterized by the lack of unique solutions and by the high sensitivity of individ-
ual solutions to small perturbations in g1(q, τ). To illustrate this, consider that we
perturb the solution in the following way.

∆G(q, τ) =∈ sin(2nπΓ )

with n = 1, 2, 3, ...
(2.16)

where ∈, the perturbation amplitude, indirectly represents the amount of noise in
the experiment. The corresponding perturbation in g1(q, τ) will be,

∆g1(q, τ) =∈
∫︂ ∞

0

sin(2nπΓ )exp(−Γ τ)dΓ (2.17)

As a result, an arbitrarily small perturbation in the experimental data can result
in a large change in the compound size distribution. Therefore, the problem is math-
ematically ill-posed. The CONTIN method attempts to address this by discretizing
the eq.2.13. This method uses regularization to minimize the number of details and
an appropriate weighing function.

2.2 Electrophoretic Light Scattering

Electrophoresis is the migration of macromolecules under the influence of an electric
field. The electrophoretic mobility µE is defined as: [262,278]

µE =
v

E
(2.18)

where v is the particle electrophoretic velocity, and E is the applied electric field.
When illuminated by a laser beam, the migrating particles cause the scattered light
to be Doppler shifted, as illustrated below. The scattered light can be red- or blue-
shifted depending on the direction of the particle migration. The ELS instrument
measures the Doppler frequency shift ∆f of the scattered light which is related to
v by:

∆f

f
=

n0v

c
(2.19)

where c is the speed of light in vacuum.n0 is the solvent refractive index. f is the
frequency of the incident light.

The particle hydrodynamic radius RH can be measured simultaneously with mo-
bility in order to compute the molecular Debye-Hückel-Henry chararge ZDHHe of
the particle through the relationship:

ZDHHe = 6πηRHµE
1 + kRH

f1(kRH)
(2.20)

where η is the solution viscosity, k is the inverse Debye length and f1(kRH) is Henry’s
function.
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Zeta potential, ζ, is another parameter that can be derived from the measured
electrophoretic mobility. In the limiting case where the hydrodynamic radius is
much larger than the thickness of the ionic double layer, Smoluchowski’s equation
is used:

ζ =
ηµE

ϵrϵ0
(2.21)

where ϵr is the solvent dielectric constant and ϵ0 the vacuum permittivity.
Alternately, when RH is much smaller than the double layer thickness, Huckel’s

equation is used instead:

ζ =
3ηµE

2ϵrϵ0
(2.22)

Figure 2.2: Schematic illustration of Zeta potential. Which is the charge on a
particle at the shear plane

Zeta potential, ζ, is the charge on a particle at the shear plane. Shown in
the fig:2.2 This value of surface charge is useful for understanding and predicting
interactions between particles in polymer solution. Manipulating zeta potential is
a method of enhancing polymer solution stability for formulation work, or speeding
particle flocculation for water treatment for example. Measuring zeta potential by
electrophoretic light scattering allows one to assess the effects of various strategies
for manipulating zeta potential. Electrophoretic light scattering exploits the fact
that a charged particle responds to an applied electric field.

2.3 Fluorescence Spectroscopy

Even though, a major part of studies in my PhD was done by light scattering tech-
niques, in a part of my experiments I used the fluorescence spectroscopy. This chap-
ter briefly outlines basic principles of fluorescence spectroscopy.

Absorption of a photon in the visible or UV range provokes the transition of
the molecule from its ground electronic state S0 to one of excited vibrational states
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in one of excited electronic states, S1, S2, etc. The absorption of a photon is the
fastest processes in chemistry (it proceeds in times faster than 10−15 s) and the
transition to higher vibrational states obeys the Frank-Condon principle. [47] Ultra-
fast intermolecular collisions in the liquid state (vibrational relaxation, in times ca
10−13 s) cause the excited molecule to lose excess energy until it reaches the lowest
vibrational state of the electronic state, S1 (the emission from higher excited states
Si is very rare).

Excited molecules (in the lowest vibrational state of the first excited state S1)
can dissipate their excess energy by decomposition, reaction, or emission (fluores-
cence or phosphorescence). In most organic molecules (except complex molecules
containing organic ligands bound via O, N, S, P, etc. to a central transition metal or
organometallic compounds with carbon-metal bonds), the fluorescence as a spin al-
lowed transition can be strictly discerned from the spin-forbidden phosphorescence.
Because the fluorescence is the allowed process, the emission proceeds fast. The
allowance of the radiative process does not depend only on the spin conservation,
but other requirements concerning the symmetry and orbital overlap have to be also
fulfilled. Depending on the fulfilment of all three criteria (selection rules), the prob-
ability of the radiative transition varies appreciably and the fluorescence lifetimes
(average time of the fluorophore spent in the excited state) range from 10−9 to 10−7

s.
On the other hand, the presence of heavier atoms in excited molecules and the

consequent spin-orbit interaction relax the selection rules and the strictly spin-
forbidden phosphorescence can be also observed in some cases, but the emission
is usually weak and proceeds slowly. In metal containing compounds, it is usually
difficult to discern between the spin-allowed and spin-forbidden transitions, and a
general term “luminescence” is commonly used.

The absorption and emission processes can be visualized by the Jablonski dia-
gram [75, 93, 110, 205, 264]. In most flexible molecules (particularly in non-viscous
and polar solvents at ambient temperatures), the excess energy is dissipated by the
vibrational relaxation to the ground state on the timescale 10−13 to 10−12 s and
the emission of photons is not observed. In some rigid molecules (e.g., condensed
aromatic rings), the vibrational relaxation to the ground state is suppressed and a
strong fluorescence from their solutions can be observed. The fluorescence quantum
yield ϕ, describes the fraction of emitted-to-absorbed photons and can be expresses
as

ϕ =
Γ

Γ + knr
(2.23)

here Γ and knr are radiative and total non-radiative rate constants of excited state
depopulation, i.e., knr is a sum of rate constants of all individual non-radiative
processes that are effective in a given system (besides the inherent vibrational re-
laxation it includes all quenching processes, etc.). The fluorescence quantum yield
is in most cases appreciably lower than 1. From the experimental point of view,
ϕ is usually estimated relatively with respect to a known ϕ value of fluorescence
standard. The nonradiative processes, which deplete the excited state, do not only
lower the quantum yield, but also shorten the fluorescence lifetime τ . Experimental
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lifetime, measured under given conditions can be expressed as

τ =
1

Γ + knr
(2.24)

From the technical point of view, the fluorescence techniques can be divided into
two groups.

• Steady-state fluorescence

• Time-resolved fluorescence

2.3.1 Steady-state Fluorescence

In steady-state fluorescence spectroscopy, a sample is typically illuminated with a
continuous light beam (high pressure xenon (Xe) arc lamp with output range λ=250
to 700 nm ) and the intensity or emission spectra is recorded at the conditions of
the steady-state concentration of the fluorophores in the excited state when the
rates of excited state pumping by absorption and relaxation by various radiation
and radiationless process are equal.

2.3.2 Time-resolved Fluorescence

In the time-resolved fluorescence measurements, the sample is exposed to a pulse
of light, where the pulse width is significantly shorter than the decay time of the
sample. If a fluorophore displays an exponential emission decay, the intensity F (t) of
fluorescence at time t that has elapsed since excitation is related to the fluorescence
lifetime through

F (t) = F0e
−t
τ (2.25)

where F0 is the fluorescence intensity at t = 0.
As one can see, the fluorescence intensity is proportional to the fluorescence life-
time and to the parameter F0, which depends on the fluorophore concentration,
experimental conditions and number of other instrumental parameters.

2.3.3 Fluorescence Quenching

All nonradiative processes that contribute to the depletion of the excited state
shorten the fluorescence lifetime and weaken the emission intensity. Some of them
arise as inherent features of the fluorophore (e.g., internal conversion) and their
effect depends on its interaction with solvent and on temperature. They predeter-
mine the natural fluorescence lifetime, τF0 , which is defined as the lifetime in the
absence of additional components that can quench the fluorescence. Compounds
that strongly interact with the excited fluorophore and quench its fluorescence are
called “quenchers.” [125] They are often added on purpose to modify the trends of
the behavior.
Fluorescence quenching processes can be divided into two main categories:
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Dynamic (collision) quenching [249]

• In dynamic quenching, the energy is transferred to the quencher during the
collisions which depletes the excited state of the fluorophore and quenches the
fluorescence.

• In homogeneous solutions of fluorophores and quenchers (when the fluorophores
are accessible for quenchers), the quenching process is diffusion controlled.

• The effect of quenching increases with temperature which increases the rate
of diffusion.

• The lifetime is reduced in the presence of the quencher. Both the fluorescence
intensity F and lifetime tauF obey the Stern–Volmer relation

F0

F
=

τF,0

τF
= 1 + KSVcQ (2.26)

where the symbols without and with subscript o apply to the system with and
without quencher, KSV is the Stern–Volmer quenching constant, τF,0 fluorescence
lifetime in the absence of the quencher, and cQ is the concentration of the quencher.

Static quenching

• In static quenching, a nonfluorescent complex is formed between chromophore
and quencher in the ground state (i.e., prior to excitation).

• The effect of quenching decreases as temperature increases, because the equi-
librium shifts towards the dissociation of the complex.

• The fluorescent lifetime does not change, because the quenched state is entirely
non-emissive. The ratio of intensities obeys the Stern–Volmer plot.

F0

F
= 1 + KAcQ (2.27)

where KA is the association constant describing the reversible formation of the
complex and where the fluorescence lifetime is not affected by the presence of the
quencher. [141,142]

Data evaluation of time-resolved decays

The simplest approach, how to experimentally obtain fluorescence lifetime is to fit
measured decay with single exponential function, according to eq.2.25. However, the
decay cannot be often represented by a single exponential function. Very often the
quenching of fluorescence results in more complex decays and several specific models
have been proposed. [23, 102] The most frequently used is the multi − exponential
model where the decay is fitted as sum of exponentials,

F (t) =
n∑︂

i=0

αie
−t
τ (2.28)
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where αi represents amplitudes of the components and n is number of decay times.
Due to the surplus of energy they contain, the excited fluorophores are reactive
species and strongly interact with surrounding molecules. Thorough studies (in
combination with other experimental techniques) sometimes allow one to ascribe
the components of fluorescence decays to physically relevant features of studied
systems. However, very often the complex behavior of the studied system precludes
the unambiguous interpretation of individual decay components.

The amplitude-weighted average lifetime,τ , is then often used as a representative
property of the sample [142] as,

τ =
n∑︂

i=0

fiτi (2.29)

where the fractional contribution of the given lifetime, τi, is defined as

fi =
αiτi∑︁
j αiτi

(2.30)

Besides the multi-exponential model there are models considering a distribution of
decay times α(τ) in which eq.2.25 is written as,

F (t) =

∫︂ ∞

0

α(τ)e
−t
τ dτ (2.31)

2.4 Transmission Electron Microscopy

Along with the spectroscopic studies we characterize the size and shape of the sam-
ples by transmission electron microscopy (TEM).

In electron microscopy, the electron beam is generated either by thermionic ef-
fect or by field emission under conditions of high vacuum, with pressures below
10−5−10−6 Pa. Due to the high vacuum conditions inside the microscope chamber,
samples where solvent is present need to be either dried or frozen. To enable a good
focus, the aggregates have to be fixed as well, which is only possible in the absence
of solvent or in vitrified samples. For surfactant containing aqueous samples, care-
fully vitrified specimens are prepared for imaging, since dehydration is detrimental
to self-assembled structures.

Cryogenic transmission electron microscopy (cryo-TEM) is a well-established
technique and constitutes an excellent tool for visualization of colloidal aggregates
in liquid samples [8, 179, 261, 277] provided that they are properly vitrified, that is,
frozen at very low temperatures. At a high cooling speed (ca. 105 K/s), crystalline
ice (which would destroy the aggregates) has no time to form. With this technique
one can observe aggregate structure in real space, with a resolution down to the
nanometer scale. One advantage of the cryo-TEM imaging is that the recorded
images, after calibration, report a good estimation of the size of the imaged objects
since they are a simple projection of their shape.

Cryo-TEM can be very useful to characterize bilayers and micelle systems, such
as vesicles and wormlike and branched micelles [7,9,261]. However, when analyzing
cryo-TEM images, care should also be taken in order not to be confused by possi-
ble artifacts that might have formed during the blotting, vitrification, or transfer
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process, with the real aggregates in the sample. The most common contaminants
are frost and crystalline ice. For instance, the blotting process can induce aggregate
shape changes, and large aggregates can also be excluded from the polymer holes,
due to size limitations.
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Chapter 3

State of the Art

This chapter provides basic information on the up-to-date knowledge of systems stud-
ied in the framework of my Thesis and an overview of the most relevant literature.
This chapter contains three sub-chapters devoted to:

• Thermal responsive polymers, their behavior and phase diagrams;

• Amphiphilic block copolymers, their importance and properties;

• Self-assembly of polyelectrolytes, formation of interpolyelectrolyte and

polyelectrolyte-surfactant complexes and their properties.

3.1 Thermal Responsive Polymers

Temperature-dependent phase transitions, i.e., (i) upper critical solution tempe ra-
ture (UCST) and (ii) the lower critical solution temperature (LCST) are general
phenomena which have been observed in almost all non-polar polymer systems in
organic solvents [12,27,50], [293, p. 175]. The first phase transition occurs at relative
low temperatures and is the result of worsening solvent quality with decreasing tem-
perature.The transition can be thus classified as the enthalpy-related phenomenon
due to unfavorable interactions. Above UCST, the high-molar-mass polymer is com-
pletely soluble and below UCST, the separation into concentrated and dilute phase
occurs. The transition temperature depends on molar mass and polymer concentra-
tion. Strictly speaking, UCST is the maximum phase transition temperature for the
limit of infinite dilution of chains with infinite length. Note that the binodal curve
for chains with infinite length has only the decreasing part corresponding to the con-
centrated phase, which is always (irrespectively of its concentration) in equilibrium
with pure solvent. The second phase separation occurs at high temperatures (above
the boiling point, i.e., at elevated pressures) and it is a result of entropy. With in-
creasing temperature, the highly mobile small solvent molecules cease to stick to the
much less mobile polymer chain, stop to solvate it and escape into the bulk solvent
phase. The thermodynamically unfavorable solvation of chains at high temperatures
is reminiscent of the condensation of mobile solvent molecules around much less mo-
bile polymer chains. The solubility of the polymer sharply drops and the separation
into concentrated and dilute phase occurs above LCST [131, 138, 159, 245]. Fig. 3.1
depicts the LCST and UCST phase diagrams.
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Figure 3.1: Temperature vs. polymer volume fraction, . Schematic illustration of
phase diagrams for polymer solution (a) lower critical solution temperature (LCST)
behavior and (b) upper critical solution temperature (UCST) behavior. Reproduced
with the permission from [260] c⃝ This is an open access article distributed under
the Creative Commons Attribution License.

While UCST and LCST transitions are general phenomena in non-polar polymer
systems, they are relatively rare in aqueous solutions of water-soluble polymers
(UCST is extremely rare). The polymers which exhibit this type of behavior are
usually called the thermal responsive polymers. In this case, LCST equilibria appear
as a result of specific interactions of repeating units of polymer chains with water
molecules (e.g., hydrogen bonds). Analogously to non-polar polymers in organic
solvents, the LCST transition is due to dehydration of polymer chains, but the
molecular mechanism is more complex. The water-soluble polymers chains contain
amphiphilic units capable of forming hydrogen bonds. At increased temperatures,
hydrogen bonds between polymer chains and water molecules brake and are replaced
by intra- and interchain hydrogen bonds. LCST of water-soluble polymers is thus
a result of intricate enthalpy-to-entropy interplay which reflects also the changes in
water structure in the vicinity of chains. LCST of water-soluble polymers occurs at
relatively low temperatures, which is convenient for a number of medical applications
[40, 223]. As already explained, LCST of polymers does not depend on molar mass
(it represents the limit for infinite molar mass of linear polymer chains). However,
the experimentally observed phase equilibria depend on molar masses of studied
samples, on polymer concentrations and on chain architecture [132,151–153,260].

Below, we outline several representative studies of water-soluble polymers that
exhibit LCST. Among them, the most common of water soluble thermal respon-
sive polymers is poly(N-isopropylacrylamide) (PNIPAM) [64, 237, 250, 268]. LCST
transition PNIPAm occurs around 32 ◦C, which is very useful temperature for
biomedical applications since it is close to the physiological body temperature (37
◦C). Modification of LCST of PNIPAM has been achieved by copolymerizing it
with hydrophilic or hydrophobic monomers which causes higher or lower overall hy-
drophilicity of the samples, respectively [64, 71, 94, 250, 301]. Other polymers with
thermoresponsive properties include poly(N,N-diethylacrylamide) (PDEAM) with
an LCST in the range of 25 to 32 ◦C, poly(N-vinlycaprolactam) (PVCL) [281–283]
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with an LCST between 25 and 35 ◦C, poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA) [35, 79, 217, 229, 260, 289] with an LCST of around 50 ◦C [35] and
poly(ethylene glycol) (PEG), also called poly(ethylene oxide) (PEO) whose LCST
is around 85 ◦C [15, 104, 128, 302]. It should be noted the LCST is affected by the
size of the side groups. Specifically, PEG methacrylate polymers (PEGMA), having
a side-PEG chain of 2–10 ethylene oxide units (EO) < 10 exhibit a lower critical
solution temperature (LCST) [160] that varies depending on the length of the EO
side chain [159].

3.2 Amphiphilic Block Copolymers

Amphiphilic block copolymers contain hydrophobic and hydrophilic blocks [3] When
they are dissolved in solvents that are good for one block and poor for another (i.e., in
selective solvents for one block) , they self-assemble and form various associates, such
as micelles, vesicles or physical networks, which have potential applications ranging
from controlled release to rheological modifications [11,52,83,180,202,220,304,305].
In analogy with surfactant solutions, the micellization of block copolymers in selec-
tive solvents occurs at concentrations higher than the critical micelle concentration
(cmc). Below cmc, only the molecularly dissolved copolymer chains (unimers) are
present in the solution, while above cmc, multimolecular micelles coexist in thermo-
dynamic equilibrium with the unimers. In contrast to classical low-molecular-weight
surfactants, cmc of block copolymer macrosurfactants is very low. The self-assembly
is the result of the minimization of energetically unfavorable solvophobic interac-
tions. The micellization process is controlled by two opposite forces, the attractive
force between the insoluble blocks, which leads to aggregation, and the repulsive one
between the soluble and insoluble blocks preventing unlimited growth of the micelle.
At the same time, the interaction of the soluble blocks and the solvent is responsible
for the stabilization of the micelles [3,87,96,165,172–174,203,216,221,222,266,291].
From the thermodynamic point of view, the decrease in enthalpy is the most im-
portant driving force of the process, but it does not control either the association
number or the structure of micelles. The association number, structure and size
of micelles is a result of the optimum arrangement of insoluble chains in cores and
shells and of the optimum properties of the core-shell interface interface. Thus, the
micellization of amphiphilic block copolymers in selective solvents can be classified
as an enthalpy driven and entropy-controlled process [218,221,222].

The morphology of micellar aggregates depends on the curvature of the interface
which reflects relative sizes of the soluble and insoluble domains, and on the way
how this curvature influences the packing of copolymer chains in the aggregates.
The dimensionless packing parameter, P , defined as the ratio of the volume, ν of
the insoluble block to the product of its length, lc, and the optimum surface area,
a0 of the insoluble block at the interface between the soluble and insoluble blocks,

P =
ν

aolc
(3.1)

is often used to describe the impact of relative volumes. The packing parameter
expresses the ratio of the insoluble chain molecular volume to the volume actually
occupied by the copolymer in the assembly. As a general rule, spherical micelles are
formed when P ≤ 1/3, cylindrical micelles are formed when 1/3 < P ≤ 1/2 and
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Figure 3.2: Various self-assembled structures formed by amphiphilic block copoly-
mers in a block-selective solvent. The type of structure formed is due to the inherent
curvature of the molecule, which can be estimated through calculation of its dimen-
sionless packing parameter,P . Reproduced with the permission from [290] c⃝ This is
an open access article distributed under the Creative Commons Attribution License.

enclosed membrane structures (vesicles or polymersomes) arise when 1/2 ≤ P ≤ 1
[26], as depicted schematically in Fig. 3.2.

3.3 Self-assembly of Polyelectrolytes

Polyelectrolytes (PEs) are polymers that contain high number of ionic groups or
groups that can be ionized in polar solvents (e.g., H2O). Charges on polymer chains
are neutralized by counterions, but a considerable fraction of counterions escape
into bulk solvent phase due to entropy reasons and the macromolecules become
considerably charged [143]. PEs can be divided into two classes: (i) quenched (or
strong) PEs containing the permanently charged groups and (ii) annealed (or weak)
PEs containing weak electrolyte groups which can be ionized depending on pH, ionic
strength and other conditions [31,63,181].

Annealed PEs in their uncharged state behave like nonpolar macromolecules,
however variations in pH and consequent ionization of chains provoke considerable
changes in their conformational behavior. In the polyelectrolyte regime most of
properties and characteristics depend on the dissociation degree [51]. Besides pH,
the ionic strength of the solution strongly influences the PE behavior because small
ions screen electrostatic interactions. At low ionic strength, PEs adopt extended
conformations because of the repulsion between charged groups incorporated or
attached to the chain. When the ionic strength of the solution increases, PEs chains
partially collapse as a result of electrostatic screening. Thanks to this behavior, PEs
can be used for tuning the stability and viscosity of polyelectrolyte complex (PEC)
dispersions and are employed in various pharmaceutical and biomedical applications
[166].

Interaction with ions depends on the ion charge. While the monovalent ions only
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screen the interaction and do not strongly bind to PE chains, the multivalent ions
can crosslink several groups either in the same chain, or from different chains which
can lead (depending on polymer and salt concentrations) to the polyelectrolyte pre-
cipitation [39, 259]. PEs form complexes with oppositely charged species, i.e., with
oppositely charged PEs or macroions, with charged complex molecules (e.g., with a
number of relevant biochemical compounds), with surfactants and also with multi-
ply charged ions [49]. Besides electrostatic interactions, hydrogen bonds and other
specific interactions, including the hydrophobic effects contribute to the formation
of polyelectrolyte complexes and affect their behavior [127, 190]. Further, I will
focus on interpolyelectrolyte complexes (IPEC) and on surfactant-polyelectrolyte
complexes which was the topic of my Thesis.

The presence of opposite electric charges attached to polyelectrolyte chains is a
prerequisite for the electrostatic co-assembly. The decreased local dielectric permit-
tivity in the immediate vicinity of non-polar chains and cooperative effect of multiple
charges on chains promote the association, but the electrostatic interactions are not
the driving force of the association. According to the Coulomb law [48, 192, 204],
the force between a couple of point charges depends on their distance, on their mag-
nitudes and on the dielectric permittivity of the medium, but does not depend on
the fact if the charges are on small ions or on chains and hence the replacement of
polyelectrolyte-ion interactions by interpolyelectrolyte interactions does not gener-
ate large changes in enthalpy. The main driving force derives from the increase in
entropy when small mobile counterions are released into bulk solvent.

As the great majority of PEs contain hydrophobic backbone, water and aqueous
buffers are poor solvents for them [116], and PEs dissolve just thanks to the charges
they possess [63]. Consequently, the electrically neutral stoichiometric complexes
of opposite PEs are insoluble in aqueous media and practically important systems
applicable in medicine and in nanotechnologies are currently based on more complex
systems (e.g., on double-hydrophilic copolymers containing the PE block and the
electrically neutral water-soluble block) [1,57,76,108,116,117,154,238,256,258,276,
279]. The electrostatic co-assembly of two oppositely charged block copolymers
containing one neutral water-soluble and one PE block leads to the formation of
core-shell micelles, which are, from the morphology point of view, similar to micelles
of amphiphilic (hydrophobic-hydrophilic) copolymers, but their cores are formed by
the insoluble interpolyelectrolyte complex (IPEC).

The electrostatic assembly of PEs is strongly influenced by ionic strength of the
solution. Addition of salt screens electrostatic interactions and hinders the formation
of associates. Small ions penetrate into IPEC cores which slightly swell and soften.
Electrostatic interaction between different chains in cores are partially replaced by
PE-ion interaction which impoverishes the stability of micelles with IPEC cores.
Besides changes in direct electrostatic interactions, the increase of concentration of
ions in bulk solvent lowers their translational entropy and restricts the tendency
of ions to leave the polymers and escape into bulk, i.e., high salt contents weaken
the driving force of the association. In summary, the association number and the
fraction of associates strongly decrease with increasing salt content. The entropy
contribution is usually neglected in the literature, but as the entropy of counterions
plays important role in PEs systems, this contribution is significant. In addition to
the above effects, it was also observed that the fairly high salt content induced a
secondary aggregation of PE micelles in some systems [54,55].
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PE-surfactant complexes can be prepared simply by mixing the components.
The formation of these complexes is driven by both electrostatic and hydrophobic
interactions, and the co-assemblies form spontaneously. The complexation occurs at
concentrations below the critical micelle concentration (CMC) of the pure surfactant.
The binding process of surfactants to polyelectrolyte chains is highly cooperative.
Depending on the charge-molar ratio of surfactant to polyelectrolyte, the complexes
can be non-stoichiometric or stoichiometric. The non-stoichiometric complexes con-
taining either deficit or excess surfactant molecules (with charge ratio appreciably
differing from 1.0) are generally soluble in water. The formation, structures and
properties of these types of complexes have been studied in detail [315]. Near the
stoichiometric charge ratio, the complexes are insoluble in water. The precipitated
complexes can be easily purified, and dried and isolated as solid materials. However,
the structure of isolated dry materials usually significantly differs from that of wet
precipitates [273].
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Chapter 4

Results and Discussion

This section come up with the description of complete experimental part of my con-
tribution from the published articles. first part paper 1, gives the significant behavior
and properties of the kinetically frozen system and how this mechanism is useful
for the formation of nanoparticles and its potential in various biomedical applica-
tions. In the second part includes paper 2 and paper 3,in which the system is mainly
deals with the self and co-assembly of block copolymers and block polyelectrolytes.
these charged moieties responsible for the formation of micelles and multidomain
structures (onion micelles) based on diblock and interpolyelectrolyte complexes.

4.1 PAPER 1: TPP solubilized nanoparticles for

production of singlet oxygen

4.1.1 Outline of the studied problematics

Porphyrins and numerous porphyrin-based complex molecules (including metallo-
porphyrins) belong to the most ubiquitous heterocyclic compounds found in nature.
They play important role in a number of vital processes which are necessary for
sustaining life on the Earth, e.g., in photosynthesis, transport of oxygen in living
organisms and are parts of enzymes and vitamins [109]. Synthetic porphyrins and
metalloporphyrins exhibit similar biological and physico-chemical properties as their
natural analogues and offer a number of important applications in medicine (treat-
ment of diseases [28, 33, 65, 109, 244], biological sensing and imaging [109, 111, 167],
drug-delivery and photochemical internalization systems [287]), chemistry (chemical
analysis [24], photocatalysis [149]) and in physical (non-linear optics [61], photo-
voltaic [228]), and in other industrial applications [318].

The most important application of porphyrins in medicine (photodynamic ther-
apy [65, 146]) and also many other applications assume the interaction of excited
porphyrin molecules with other compounds (oxygen, DNA, etc.). The photophysics
of porphyrins is rich [91, 92]. Their absorption spectrum contains an intense and
fairly broad Soret band (S0 → S2 transition) with maximum absorption slightly
above 400 nm and of multiple Q-bands (S0 → S1 transitions) in the region 500 to
650 nm. The Q-bands are appreciably weaker (more than ten times) than the Soret
band, but they are important for most of applications because the light in the near
infrared region can penetrate deeper into biological tissues than the short-wavelength
violet light. The position and intensity of Q-bands is influenced by aggregation (see
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later). The fluorescent behavior is even more complex. When exited below 400 nm,
porphyrins exhibit S2→ S0 (relatively weak) emission in the region 400 – 550 nm
and violate thus the Kasha rule [123]. Their S1→ S0 emission in the region 550
– 800 nm is strongly affected by the ground state aggregation due to π − π inter-
action of large rigid aromatic rings. The principles of formation of weakly bound
dimers and higher aggregates and their fluorescent properties were studied and ex-
plained by Kasha in 1965 [124]. Thorough experimental and theoretical studies of
porphyrin photophysics revealed that the highly symmetric D4h aromatic rings form
four types of structurally different aggregates: two J- and two H-dimers which form
under different conditions and can be experimentally discerned on the basis of their
photophysical properties [10, 91,92,129,187].

Medical applications assume the administration of porphyrins into aqueous me-
dia of living organisms. As the large aromatic ring is strongly hydrophobic and
apt to π− π stacking, porphyrins are generally little soluble and aggregate in aque-
ous media. An efficient medical treatment requires specific interactions of certain
forms of excited porphyrins with biologically important compounds. Therefore, the
main task and real challenge for researchers is the efficient targeted delivery of se-
lected porphyrin forms. Up to now, several different strategies have been designed,
tested and successfully applied [42]. The most common approach aimed at improve-
ment of porphyrin solubility in water is the synthesis of positively or negatively
charged di-, tri- or tetra-substituted derivatives, e.g., tetratolylporphyrin substi-
tuted by pyridinium groups [37,207]. Even though the positive charge is preferable
because it secures the attractive interaction with negatively charged DNA, the neg-
atively charged 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin, TPPS, has been
also synthesized and amply studied [45,80,81,85,109,164,244,312,313].

Other approach to the preparation of relatively concentrated dispersions of non-
associated hydrophobic porphyrins in aqueous media consists in their incorporation
into hydrophobic cores of polymer micelles formed by amphiphilic block copoly-
mers [2]. Amphiphilic high-molar-mass copolymers containing one hydrophobic and
one hydrophilic block of comparable or larger length associate in aqueous media
and form spherical core/shell micelles [150, 176].Direct formation of micelles upon
dissolution of the copolymer occurs fairly rarely - only in systems with a relatively
short and a weakly hydrophobic block. Furthermore, the spontaneous formation
of reversible micelles requires a low glass transition temperature, TG of the insolu-
ble hydrophobic block [62, 218, 236, 306]. Such micelles coexist in equilibrium with
non-associated (unimer) chains (similarly to micellizing polymers in organic selec-
tive solvents of one block [100, 169, 267], which mediate exchange of unimer chains
between individual micelles. Micelles with kinetically frozen cores formed by high-
molar-mass copolymers containing strongly hydrophobic high TG blocks (such as
polystyrene or methyl methacrylate) have to be prepared indirectly as the samples
are insoluble in water [171, 206, 214, 263, 308]. The samples are usually dissolved
in a common solvent of both blocks (usually a mixture of water with excess of
fully miscible organic solvent) in which the sample dissolves in form of individual
chains or form reversible micelles. The solution is then continuously or stepwise dia-
lyzed against solutions with increasing content of water (in pure water or in various
buffers in case of block polyelectrolytes). As the content of water increases, asso-
ciation number of micelles grows, the concentration of free unimer decreases and
the exchange of chains slows down. At a certain water content (depending on the
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hydrophobicity of the core-forming block and its length, on the length of the water-
soluble block and on the polarity of organic solvent used), the exchange of chains
stops because (i) the concentration of free chains in aqueous phase is extremely low,
and (ii) the compactness of the core and of the shell together with appreciable in-
compatibility of non-polar hydrophobic and polar hydrophilic chains represent high
energy barrier for the core-forming chain to leave the core, pass through the shell
and water-rich solvent phase and incorporate into another micelle. Since then the
association number does not change. Compactness of the core still increases as the
organic solvent continuously escapes into bulk solvent due to entropy reasons and
the conformations of the shell-forming chains change as a result of their preferential
solvation by water molecules. The micelles finally transferred into aqueous media
are in fact non-equilibrium kinetically arrested associates, more precisely associates
with kinetically frozen cores. Their association number does not correspond to ther-
modynamic conditions (interactions) in the aqueous solvent, but to interactions in
the mixture, in which the exchange of chains stopped. The micelles are reminiscent
of dense spherical brushes formed by soluble blocks tethered to inert spheres formed
by insoluble blocks. Their association number in water is constant and doesnt de-
pend on pH, concentration, temperature, etc. Aqueous dispersions of micelles are
stable as the stabilizing water-soluble shells are properly hydrated. Slow dialysis
can be in many cases replaced by titration or by selective evaporation of volatile
organic solvent [5, 70].

An interesting specific preparation procedure, called “solvent quenching” con-
sists in the dissolution of the sample in an organic solvent (or in organic-solvent-rich
mixture with water) and in a fast injection of the solution into a surplus of water
of aqueous buffer under vigorous stirring. The formation of micelles is a strongly
non-equilibrium process which is very sensitive to laboratory conditions (polymer
concentration, rate of injection, stirring, temperature, etc.). While the preparation
of micelles by dialysis or by selective evaporation of organic solvent is reproducible,
the reproducibility of the quenching is poor, but the prepared dispersions are usu-
ally stable. The advantage of fast quenching consists in the fact that it enables the
preparation of non-equilibrium associates that cannot be obtained by other tech-
niques (very large or multi-compartment associates, etc.) [274].

In recent decades, the core-shell nanoparticles prepared either by self-assembly
of amphiphilic block copolymers or by co-assembly of polyelectrolytes [122] have
been amply studied as vessels for targeted drug delivery and a great progress in
understanding of their behavior have been achieved [99, 120, 126]. Hydrophobic
compounds can be incorporated into micellar cores either during the preparation of
micelles or after the micelles were prepared. The solution of the compound to be
loaded can be added to during dialysis. As the concentration of water increases,
the solubility on non-polar compound in bulk solvent decreases and the compound
concentrates in non-polar micellar cores. However this type of loading is not very
efficient, because major part of the compound escapes into the bath. As the biologi-
cally relevant compounds are commonly non-volatile, their addition into the solution
to be submitted to specific evaporation is a better choice. The loading during fast
quenching is usually quite efficient, but due to limited reproducibility of the process,
the control on the loading is also low. As already mentioned, the loading of micelles
in aqueous media is also feasible, but the process is slow and its efficiency is limited
because of low solubility of organic compounds in water and their difficult diffusion
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into compact cores.

4.1.2 Aim, motivation of the study and my contribution

PAPER 1 describes the study of photochemical production of singlet oxygen by
excited porphyrins incorporated into either polystyrene or poly(ϵ-capropactone-b-
poly(ethylene glycol nanoparticles and its diffusion from these particles. The ulti-
mate goal was the investigation of possibility to use the studied systems in photody-
namic therapy. The study was performed in cooperation with Prof. Mossinger and
Dr. Kubát who are experts in photophysics and photochemistry of porphyrin sys-
tems. I was preparing and characterizing poly(epsilon-capropactone-b-poly(ethylene
glycol nanoparticles loaded by porphyrin. The preparation and light-scattering char-
acterization required extensive auxiliary studies which are partially described in the
supporting material to the paper. In my thesis, I concentrate mainly on the prepar-
ative and light scattering part.

Table 4.1: Acronyms, molar masses and compositions of studied samples.

System Mn of Mn of PS PS

PEG PCL sulfonated non-

block block parts sulfonated

parts

TPP@PS0 - - - 4

TPP@PS1 - - 1 3

TPP@PS2 - - 2 3

TPP@PS3 - - 3 1

TPP@PCL - 14000 - -

TPP@PEG2k-PCL2k 2000 2000 - -

TPP@PEG5k-PCL2k 5000 2000 - -

TPP@PEG5k-PCL5k 5000 5000 - -

TPP@PEG5k-PCL32k 5000 32000 - -

Note: All NPs with ca 1% W/W encapsulated TPP. PS Block size information is not
available. To obtain different sizes of NPs we used a different amount (parts) of sulfonated
and nonsulfonated membranes [137].

In this study, we compared the efficiency of generation of singlet oxigen of
porphyrin-loaded polystyrene nanoparticles of different sizes (TPP@PS, prepared
by our colleagues) with self-assembled porphyrin-containing poly(ethylene glycol)-b-
poly(ϵ-caprolactone) core/shell nanoparticles (TPP@PEG-PCL) differing in lengths
of copolymer blocks (see Table 4.1). We found that the singlet oxygen was formed
inside both polymeric nanoparticles after irradiation with light. The overall kinet-
ics of singlet oxygen were controlled by the size of TPP@PS, and it‘s lifetime (τ∆)
decreased with decreasing nanoparticle size (from 16 µs to 6.5 µs) due to diffusion
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of singlet oxygen into the external aqueous environment, where it was quickly de-
activated. Accordingly, the higher signal and deceleration of the kinetics of singlet
oxygen-sensitized delayed fluorescence with the increasing size of TPP@PS reflected
longer lifetimes of TPP triplet states and singlet oxygen in the polystyrene matrix in
comparison to that in water. The self-assembled TPP@PEG-PCL structures allowed
for more efficient quenching of the TPP triplet states by oxygen in comparison with
that of TPP@PS and indicated high oxygen diffusion and a low value of ∼ 3.7 µs,
independent of the size of building blocks. The delayed fluorescence in oxygen-free
conditions originating from triplet-triplet annihilation also indicated a fairly high
mobility of TPP molecules in the PEG-PCL matrix in comparison with that in the
PS matrix. Photooxidation of uric acid revealed the highest efficacy for TPP@PS
of small sizes, whereas the largest TPP@PS exhibited the lowest activity, and the
photooxidation efficacy of TPP@PEG-PCL remained independent of the sizes of the
building blocks.

The preparation of PEG-PCL nanoparticles with incorporated porphyrin re-
quires the choice of suitable common solvent for both blocks. Preliminary studies
indicated that the best choice is a mixture of dioxane (80 vol%) with water. 10
mg of PEG-PCL copolymer and 0.1 mg of TPP were dissolved in 1 mL of this sol-
vent mixture. The prepared solution was then slowly added dropwise into 10 mL of
deionized water under vigorous stirring. Finally, the dispersion was dialyzed for 7
days at room temperature against water to remove traces of dioxane. The resulting
volume was adjusted to 10 mL using evaporation under vacuum.

The prepared nanoparticles are stabilized by the hydrated PEG shell, and on top
of it, they are slightly negatively charged due to the presence of terminal carboxylate
groups of PCL [212]. The ζ-potential values ranged from -7 to -30 mV.

The nanoparticles were characterized by static and dynamic light scattering and
their molar masses and sizes were evaluated. The dn/dc values were calculated as
mass weighted averages of dn/dc for PCL and PEG homopolymers [105,233] (0.134
ml/g and 0.154 ml/g, respectively), which were taken from ref [157] For PCL, the
dn/dc of 0.154 mL/g was estimated from the value in THF [130, 136] 0.079 ml/g,
using the Gladstone-Dale equation [84,86,101] assuming the specific volume of PCL
1 ml/g in both solvents. Fig 4.1 depicts the DLS measurements of TPP@PCL and
TPP@PEG-PCL.

In some cases, the distributions of hydrodynamic radii were bimodal, showing
the presence of trace amounts of large aggregates. The aggregates contribution to
the total scattering intensity, which increases with the decreasing scattering angle
(Fig 4.2) must be subtracted prior to the evaluation of the molar mass using the
Zimm equation. Assuming that the mass concentration of the aggregates is negligi-
ble, the Zimm equation can be written in the form

Kc

Ia
=

1

Mw

(︃
1 +

R2
Gq

2

3

)︃
(4.1)

where k is the optical constant, I is the total scattering intensity, a is fraction of
intensity corresponding to the diffusion of individual NPs, obtained from the area
of the corresponding mode in CONTIN. [239]

Using DLS CONTIN data allows for efficient correction of scattering curves for
the presence of aggregates as illustrated in Fig 4.4 and evaluation of the molar
masses (and the gyration radius in the case of 32k-5k) of the NPs.

All results concerning molar masses and sizes of are summarized in the Table 4.2.
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Figure 4.1: a) Intensity correlation function at various time intervals of
TPP@PCL and TPP@PEG-PCL. b) CONTIN distributions of hydrodynamic radii
of TPP@PCL and TPP@PEG-PCL. The distribution plots are measured at scatter-
ing angle of 90◦ [TPP@PCL (Black), TPP@PEG-PCL 2K 2K (Red), TPP@PEG-
PCL 5K 2K (Blue), TPP@PEG-PCL 5K 5K (Pink), TPP@PEG-PCL 5K 32K
(Green)]

Figure 4.2: DLS CONTIN distributions of hydrodynamic radii for 32k-5k nanopar-
ticles at scattering angles θ = 50◦, 90◦ and 130◦.

Information of the photochemical study and its results can be found in attached
Paper 1 and in the attached Supporting Information to this paper.
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Figure 4.3: DLS CONTIN distributions of hydrodynamic radii for TPP@PS0,
TPP@PS1. and TPP@PS2 at scattering angle θ = 90◦.

Figure 4.4: Guinier plots of angular dependences of corrected scattering intensities
(subtracted scattering from large aggregates) for 2k-2k, 5k-5k and 32k-5k nanopar-
ticles. Inset: Uncorrected (total) scattering intensities.
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Table 4.2: Parameters of TPP@PS and TPP@PEG-PCL nanoparticles obtained
from static and dynamic light scattering measurements

System MW RG RH RG/RH da

106 nm nm nm g cm−3

gmol−

TPP@PS0 1.43x104 171 217 0.79 0.56

TPP@PS1 505 91 99 0.92 0.21

TPP@PS2 211 125 172 0.73 0.02

TPP@PS3 2 - 18 - 0.14

TPP@PEG2k-PCL2k 1 - 11 - 0.30

TPP@PEG5k-PCL5k 1 - 15 - 0.12

Note: a nanoparticle density, d = 3MW /4πR3
HNA.

4.2 PAPER 2: Thermoresponsive behavior of end

modified PNIPAM

4.2.1 Outline of the studied problematics

Thanks to a wide range of applications in various technological and biomedical fields,
stimuli-responsive polymers (particularly the pH-responsive and thermal responsive
polymers and copolymers) have been attracting the interest of scientists for a rela-
tively long time [14, 115, 292]. Among the thermally responsive polymers, poly(N-
isopropylacryamide), PNIPAM belongs to the most studied species [71,188,231,319].
Its popularity in medical applications and in tissue engineering derives from the fact
that PNIPAM is a biocompatible polymer, its conformational transition at LCST
occurs at ca. 32 ◦C, i.e. close to the human physiological temperature and its
aggregated collapsed form is “soft” and does not irritate vital organs and tissues.

The PNIPAM monomer unit is amphiphilic: it contains both the hydrophobic
isopropyl group and the hydrophilic amide group. At low temperature the hy-
drophilic character prevails and the repeating units are hydrated, i.e., the polymer
is water-soluble. At higher temperatures (higher than ca. 32 ◦C), the dehydra-
tion takes place and the chain becomes water-insoluble. As the PNIPAM chain
is never fully hydrophobic [196], the phase separation is relatively slow and very
often [178, 215, 231, 275] (depending on molar mass, architecture and other condi-
tions), the decrease in water solubility results in microphase separation rather than
in massive macroscopic separation [30,113,114,118,147,183].

The phase transition temperature of linear PNIPAM in the LCST region de-
pends on molar mass. It decreases with increasing molar mass and becomes almost
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constant for chains with MW ≥ 45000-70000 g/mol Note that LCST is defined as
the limit of the transition temperature for polymers with infinite length. The single
chain collapse is rarely observed in extremely dilute solutions [44] and the macro-
scopic phase separation is believed to be a result of a complex interplay between
intrachain collapse and interchain association. In dilute solutions, several authors
reported hysteresis of the coil-to-globule and globule-to-coil cycle [44, 60, 297]. On
the basis of microcalorimetry and spectroscopy studies, the hysteresis has been ex-
plained as follows: During heating, the C=O..HOH bonds brake and are replaced
by intra- and interchain bonds C=O. . . HN. The reversed process which occurs dur-
ing cooling is incomplete and some persisting inter- and intrachain C=O..HN bonds
cause the hysteresis of the transition cycle.

The LCST of linear PNIPAM in aqueous media is non-negligibly affected by the
presence of ions. The influence of ions has been often interpreted in relation to the
Hofmeister series [46] which was originally proposed to explain the ability of ions to
precipitate certain proteins. In the original Hofmeister concept, the “precipitation
strength” decreasing from CO2

3
− to SCN− reflects the capacity of the ion to “sup-

port” or to “brake” water structure. While the direct effect of ions on the water
structure plays important role and affects the LCST of water-soluble polymers, it
has been shown that the influence of ions is more complex [310].The ions interact
with water molecules in the solvation shell of PNIPAM, i.e., with molecules that
have already been affected by the interaction with the polymer, and further they
interact with hydrophilic PNIPAM part. The authors of the paper [168, 309, 311]
identified three types of interactions of ions with polymer and with the hydration
water shell. The first and second interactions cause: (i) the polarization of wa-
ter molecules involved in hydrogen bonding with amide group and (ii) increase of
the surface tension due to change of properties of water surrounding the isopropyl
group (original Hofmeister concept). The third one is relevant mainly for the “water-
structure-braking” ions and causes (ii) direct binding of ions on amide groups. While
the first and second effects lead to the salting-out of PNIPAM, the third contribution
promotes the polymer solubility and leads to the PNIPAM salting-in.

Other way how to affect the solubility and LCST consists in chemical modi-
fication of PNIPAM chains [224, 298]. The incorporation of hydrophobic groups
or their attachment as terminal groups or grafts generally lowers LCST, while the
hydrophilic and ionized groups cause its increase. The effect depends on the ar-
chitecture of modified PNIPAM chains (random incorporation, length of attached
sequences, grafting density, etc.), but mainly on the nature of the modifying groups
and on their fraction [13,59].

Very interesting is the behavior of PNIPAM chains grafted to surfaces, and
the behavior of multiarm stars and micelles with PNIPAM shells. It was reported
that multiarm stars exhibit two-steps LCST and that the inner corona collapse at
lower temperature than the outer shell [158]. This behavior can be rationalized
by the Daoud-Cotton model [53] which predicts that the segment density in the
inner part of the multiarm star is very high which hinders the hydration of NIPAM
units in the central part of the star. In contrast to stars, segment density profile
perpendicular to the surface in coatings prepared by grafting of linear PNIPAM
chains onto chemically modified surfaces (e.g. surface plasmon resonance (SPR)
spectroscopy and contact angle measurements to study a PNIPAM brush grafted
from a self-assembled monolayer on bulk gold surface.) is almost constant. PNIPAM
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coatings find numerous applications in processes of programmed adsorption and
release of proteins and steroids and have been amply studied [17, 121]. The studies
show that the kinetics of conformation changes and coating drying proceeds in three
steps: (i) fast initial shrinking of the grafted PNIPAM brush, (ii) the slow plateau
period of multichain equilibration and (iii) final drying of the coating layer. It
was also found that the high grafting density and the high length of PNIPAM
chains hinder the chain collapse during heating. As a consequence, the transition
temperature increases and the rate of the phase transition slows down.

Spherical multimolecular block copolymer micelles and particularly their coro-
nas are morphologically similar to multiarm polymer stars. However, experimental
studies show that the temperature-dependent behavior of PNIPAM chains in mi-
cellar coronas differs from that of multiarm stars [158]. The density of polymer
segments generally decreases with the distance r from the center (∞ r−2), but as
the corona-forming chains are fairly densely “tethered” to the spherical core of fi-
nite size, density of PNIPAM chains is relatively high and does not decrease towards
corona periphery as much as in multiarm stars. As a consequence, the temperature-
dependent behavior of PNIPAM micellar coronas is in some respects more reminis-
cent of that of PNIPAM brushes than of multiarm stars. The LCST transition is
continuous (usually less steep) and proceeds relatively slowly because the structure
of micelles with dense coronas hinders the collapse of chains and consequent inter-
micellar aggregation. Topological obstacles and slow kinetics lead to the formation
of non-equilibrium structures and to the hysteresis of LCST transitions [112].

4.2.2 Aim, motivation of the study and my contribution

In the paper devoted to micelles formed by modified PNIPAM which bears both hy-
drophobic and hydrophilic groups at opposite ends (PAPER 2), we investigated the
behavior of novel type of micelles which exhibit double stimuli-responsive (thermal
and pH-dependent) behavior. In this study, a combination of several methods (static
and dynamic light scattering, electrophoretic light scattering, small angle X-ray scat-
tering and isothermal titration calorimetry) was used. I performed a part of static,
dynamic and electrophoretic light scattering measurements of the temperature- and
pH-dependent behavior which provided the basic scheme of the behavior.

The study was motivated by the report that the PNIPAM modified by aliphatic
C12 sequence at one end and by a short block containing carboxylic acid groups
form spherical micelles at low temperatures and that the micelles undergo structural
transition at LCST. Based on SANS study, this transition, which depends on the
ionization degree of COOH groups, was not attributed to a random aggregation,
but, to our surprise, to a sphere-to-rod micellar growth [25]. Therefore in our study,
we investigated the pH- and temperature-dependent behavior of several double-
modified samples (differing in the length of PNIPAM chain) which contain only one
terminal COOH group.

In this contribution, we studied polymer samples obtained in the framework
of our cooperation with Prof. Stergios Pispas (Theoretical and physical chemistry
institute, National Hellenic Research Foundation, Athens Greece).

The study confirms that the modified PNIPAM samples form spherical micelles
at low temperatures below 32◦C. Association number is fairly low because the hy-
drophilic C12 part is short as compared with the PNIPAM chain and decreases with
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Table 4.3: Characteristics of Studied PNIPAm Polymers.

Label Block composition MW10–3 MW/Ma
n

(g mol–
1)a

C12P6 HOOC-PNIPAm60-C12H25 6.2 1.2

C12P2 HOOC-PNIPAm25-C12H25 2.3 1.2

P5 PNIPAm40-COOH 11.1 6.7

aDetermined by SEC

Scheme 4.1: Structure of C12P6 and C12P2 Polymers.

the length of PNIPAM chain. Nevertheless, the size of micelles with longer PNI-
PAM shell-forming chains is larger because the long chains are strongly solvated and
relatively stretched. This means that the density of shell-forming polymer segments
is lower in case in micelles formed by longer PNIPAM chains. The light scattering
study reveals that the cloud point temperatures, Tcp as well as hydrodynamic radii,
RH of micelles formed by the C12-modified PNIPAM depend strongly on pH. The
dependence on pH itself is not surprising, but the high pH sensitivity is striking be-
cause, to the best of our knowledge, such large pH-shifts of macroscopic properties
have never been reported for polymer samples containing only one ionizable group
per chain.

Fig 4.5. a, b outlines the pH effect on LCST of modified PNIPAM micelles.
Fig 4.5a shows intensities of scattered light from aqueous solutions of C12P6 sample
(1 mg/mL) at different pHs as functions of temperature. In the region of LCST
the intensity steeply increases as a result of micellar aggregation. Increasing pH
promotes ionization of COOH terminal groups, which improves the solubility of
studied samples and consequently shifts LCST transition towards higher tempera-
tures. Figure Fig 4.5b depict the CONTIN distributions of hydrodynamic radii, RH

of micelles formed at low temperatures at different pHs. The comparison shows that
the micelles formed at higher pH values, when the degree of dissociation is higher
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Figure 4.5: (a) Scattering intensities at θ = 90◦ for 1 mg mL−1 C12P6 aqueous solu-
tions at various pH (indicated at the individual curves) as functions of temperature.
(b) CONTIN distributions of hydrodynamic radii for C12P6 aqueous solutions at
various pH (indicated at the individual curves) measured at Tcp. Reproduced from
Colloid and Polymer Science 2017, 295,1343–1349, Copyright c⃝ 2017, Springer Na-
ture.

and the overall hydrophilicity of modified PNIPAM chains is higher, contain lower
numbers of associated chains.

Fig 4.6. shows the Tcp and ζ- potential as functions of pH for all three studied
PNIPAM. The ζ- potential becomes negative in the alkaline region due to the ioniza-
tion of the terminal COOH group. The ionization state of the terminal carboxylate
group affects the hydration of the PNIPAM chain in the micellar corona but not that
of the free PNIPAM chain. Moreover, the pH dependence of hydrodynamic radii
of the aggregates in the case of C12-terminated PNIPAMs suggests that the phase
separation is affected also by kinetic effects and the rate of aggregation is influenced
by the electrostatic repulsion between charged micellar coronas.

High sensitivity of LCST to pH indicates that electrostatics (particularly the
electrostatic repulsion between PNIPAM chains) plays important role and affects
the solubility and aggregation of micelles at elevated temperatures. To prove this
assumption, we studied the effect of salt because small ions screen electrostatic in-
teraction and suppress the repulsion between evenly charged groups. However, the
effect of salt on PNIPAM systems is complex. The added salt does not only (i) screen
interaction of charged carboxylic groups, but it (ii) promotes their dissociation and
(iii) affects the hydration and solubility of PNIPAM units. To minimize the third
effect, we chose NaI which is known to have almost no influence on LCST of pure
PNIPAM due to hydration effects [38, 74, 310, 310]. Light scattering measurements
proved the above assumption, but the effects on micelles formed by either long or
short PNIPAM chains surprisingly differ. While the suppression of the pH effect
is strong for micelles formed by short C12P2 chains, it is only mild for micelles
formed by long C12P6 chains and pure PNIPAM (studied as a reference system for
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Figure 4.6: (a) Cloud point temperatures of 1 mg ml−1 P5, C12P2 and C12P6
aqueous solutions as functions of pH. Insert shows the Tcp of P5, C12P2 and C12P6
solutions at pH 5.8 as functions of sodium iodide concentration. (b) The negative ζ-
potentials, -ζ, of 1 mg ml−1 P5, C12P2 and C12P6 aqueous solutions as functions of
pH. Reproduced from Colloid and Polymer Science 2017, 295,1343–1349, Copyright
c⃝ 2017, Springer Nature.

comparison) is not affected at all as expected. This apparent discrepancy can be
explained by differences between the structures of C12P2 and C12P6 micelles. As al-
ready mentioned, the C12P6 micelles have lower association number and are larger,
i.e., the density of PNIPAM chains in their shell is low and the chains are prop-
erly solvated which make them less sensitive to changes induced by the solubility
improvement due to ionization of end-groups. Moreover, in the shorter C12P2 poly-
mer, the COOH group represents a higher weight fraction and affects the behavior
more than that of the longer polymer C12P6.

Experimental data show that the addition of NaI accelerates the aggregation
process in both cases. The rates of the process for different salt contents monitored
by dynamic light scattering as the slopes of RH vs. log t are presented in Fig 4.7.
The acceleration is less pronounced for C12P6 than for C12P2 micelles, but it is
important in both cases which is understandable because ions screen electrostatic
interaction of terminal COO− groups which are in both cases located at the outer-
most periphery of micelles and the inner part of the shell does not play in this case
such important role. The presented figure does not include the fastest part of the
process (the formation of primary aggregates) because the time of this step (≤ 102
s) coincides with the thermal equilibration of solutions after heating which precludes
unambiguous interpretation of results. The last step, in which RH increases linearly
with log t, indicates easy rearrangement of continuously aggregating micelles (facil-
itated by high fluidity of small C12 cores with low TG) with the activation energy
of the process proportional to the size of aggregates [32].

More details on the behavior of the system can be found in the attached paper 2.
Here I focused on the light scattering characterization because it represents the part
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Figure 4.7: RHt) vs. t for (a) C12P2 and (b) C12P6 solutions at various NaI
concentration (given at individual curves in mol L−1) and pH 8 after heating at 328
K. Insert: RH of C12P2 and C12P6 aggregates at 5000 s after incubation at 328
K vs. sodium iodide concentration. Reproduced from Colloid and Polymer Science
2017, 295,1343–1349, Copyright c⃝ 2017, Springer Nature.

of the study which I was involved in.

4.3 PAPER 3: Onion type micelles based on in-

terpolyelectrolyte complexes

4.3.1 Outline of the studied problematics

As the amphiphilic (hydrophobic-hydrophilic) block copolymers offer a number of
applications in different fields [26,126,303], their behavior and properties have been
extensively studied for several decades [77, 78, 89, 165, 182, 191, 225, 284, 300, 316].
Amphiphilic copolymers containing a long and strongly hydrophobic block, e.g.,
polystyrene, poly(methyl methacrylate), or polyisoprene, are usually insoluble in
aqueous media, even though they contain a long soluble block, e.g., poly(ethylene
oxide), polyoxazoline or poly(methacrylic acid). Nevertheless, various aqueous dis-
persions of long-term stable self-assembled nanoparticles can be prepared by their
dissolution in aqueous mixtures with organic solvents and by (i) subsequent dialy-
sis against aqueous buffers, (ii) selective evaporation of the organic solvent or (iii)
by “quenching”, which consists in fast injection of the copolymer dissolved in an
organic solvent-rich mixture into an excess of the aqueous phase under vigorous
stirring [165, 247, 307]. The most frequently studied self-assembled nanoparticles
are spherical micelles composed of compact insoluble cores and relatively expanded
coronas (shells), but other structures, e.g., rod-like micelles, Janus micelles or vesi-
cles have also been extensively studied [43,88,232,235,286]. A decisive driving force
for the formation of amphiphilic copolymer micelles derives from the decrease in en-
thalpy due to the minimization of unfavorable interactions of insoluble blocks with
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solvent, but the thermodynamic analysis shows [95, 184–186] that this contribution
does not control the structural characteristics of the associates (association number,
shape and inner structure). Entropy terms reflecting the maximum number of pos-
sible conformations of blocks in cores and in shells play the role of a stop-growth
factor and restrict the sizes of associates. The self-assembly can be classified as
the enthalpy-driven and entropy-controlled process because an intricate entropy-to-
enthalpy interplay (dominated by entropy) controls the association number, size and
shape of associates and their inner structure.

Other materials which offer promising applications in medicine, in various nan-
otechnologies and in a number of other fields [67, 103, 119, 201, 241, 255] are the
double-hydrophilic block copolymers composed of polyelectrolyte (PE) and neutral
water-soluble blocks. Mixing two aqueous solutions of oppositely charged double-
hydrophilic copolymers, or one double-hydrophilic copolymer with an oppositely
charged homopolymer triggers the electrostatic co-assembly and stable dispersions
of nanoparticles with insoluble inter-polyelectrolyte complex (IPEC) domains sta-
bilized by the water-soluble blocks form spontaneously [18, 134, 148, 254, 272, 285].
The prerequisite of any electrostatic co-assembly of PEs is the presence of a number
of opposite charges on co-assembling polyelectrolyte chains, but the electrostatic
forces do not act as driving forces in the co-assembly process. The change in the
electrostatic interaction energy due to co-assembly is small, because the electrostatic
force between two charges depends on their distance, magnitude and dielectric per-
mittivity of the medium, but does not depend on whether the charged species are
counterions or pendant groups on the PE chain. The cooperative effect of multiple
interactions between oppositely charged PE chains promotes the association process,
but the decisive driving force unwinds from a considerable increase in entropy [63]
upon the release of mobile counterions into bulk solvent. The association number,
size, shape and the inner structure of co-assembled associates are not controlled
either by electrostatics or by the entropy of the counterions, but by factors, mainly
by the hydrophobicity/hydrophilicity of the PE blocks, and by their compatibility
with neutral water-soluble blocks, by their lengths, flexibility and interactions with
small ions [29,90,226,240,257].

A simultaneous or sequential application of several self- and/or co-assembling
steps discussed above offers interesting possibilities for the preparation of multi-
compartment associates. Several complex systems based on the combination of
both processes, leading to multi-compartment micelles or to micelles with mixed
corona have been already studied [106, 161, 163, 169, 193, 198, 200, 248, 263, 299]. We
focus on the three layer “onion” micelles. The three-layer micelles can be prepared
by the amphiphilic self-assembly in systems of ABC copolymers [22,36,230,234], or
in mixtures of AB and BC copolymers [106,169,198,200,248,263], and by the elec-
trostatic co-assembly of AB+ and C−D copolymers, where A, B, C and D represent
neutral blocks differing in solvophobicity/solvophilicity and B+ and C− represent
the oppositely charged PE blocks. In spite of vast numbers of studies on electro-
static polyelectrolyte co-assembly, to the best of our knowledge, the last two variants
have been only rarely exploited (and only the variant of AB+ micelles with long C−

chains) [41, 140, 162, 163, 170, 197, 243]. Therefore, we decided to investigate this
process both experimentally and by computer simulations.
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4.3.2 Aim, motivation of the study and my contribution

This paper was devoted to studies of multilayer onion micelles consisting of three
chemically different layers: insoluble inner core, insoluble middle layer and a stabi-
lizing soluble shell at the periphery of the nanoparticle. The goal was a successful
preparation and characterization of onion micelles and investigation of decisive fea-
tures and trends of the complex assembling process. In the first part, we prepared
and experimentally studied the parent micelles formed by amphiphilic block copoly-
mer poly(lauryl acrylate-b-quaternized (2-dimethylamino)ethyl acrylate), PLA-b-
QPDMAEA (modified by the attachment of a dodecyl group at the QPDMAEA
free end). In the second part, we studied the co-assembly of parent core-shell mi-
celles with a double hydrophilic copolymer poly(acrylic acid)-b-poly(ethylene oxide),
PAA-b-PEO by a combination of several experimental methods. In the third part,
an extensive computer modeling of the self- and co-assembling behavior was per-
formed. The experimental part served as a motivation for the simulation study
aimed at general trends of the behavior and on proving the proposed association
scheme.

Thermodynamic analysis suggests that the co-assembly of parent amphiphilic
core-shell micelles with PE blocks and oppositely charged double-hydrophilic (PE-
neutral) diblock copolymer chains is a favorable process. However, to the best of our
knowledge, the number of experimental studies that describe successful preparation
of IPEC-stabilized onion micelles or related micellar associates based on amphiphilic
core-shell micelles is surprisingly low [161,163,170], which we think indicates severe
experimental difficulties. The complications presumably ensue from kinetics obsta-
cles. Motivated by this discrepancy, we selected a system in which kinetic barriers
are expected to be relatively low and experimentally proved that the formation of
stable onion micelles can be achieved by a two-steps procedure. By computer simu-
lation, we confirmed the thermodynamic feasibility of the process and investigated
the decisive features and trends of the complex assembling process

In this paper, I performed most of experimental studies, except the Cryo-TEM
measurements in Part 1 and Part 2. The computer modelling was performed by
other member of the CU team in cooperation with Prof. M. Ĺısal group.

The chemical structure of PLA-b-QPDMAEA is shown in Scheme 4.2. Water
and aqueous buffers are strong non-solvents for the hydrophobic PLA block and
good solvents for the permanently charged QPDMAEA polyelectrolyte block. The
sample is water-soluble, because the copolymer contains a short (low TG) PLA block
and a slightly shorter QPDMAEA block, and the core-shell micelles form sponta-
neously upon its dissolution in aqueous media in a broad pH range. We studied and
characterized the parent micelles in pure water and in moderately alkaline buffers
(pH ca 9.2), because the formation of onion micelles in mixtures with PAA-b-PEO
requires dissociation and ionization of the carboxylic groups in the PAA blocks.
We use relatively low alkaline pH because the ester groups in linkers attaching the
quaternary nitrogen atoms can undergo hydrolysis at high pHs, We found that the
self-assembly is affected by the presence of hydrophobic C12 groups and by strong
electrostatic interactions complicate the behavior.

Fig 4.8 shows the Berry plot of SLS measurements of parent micelles in 0.01
M sodium tetraborate buffer. Data plots are strongly down-curved at low scatter-
ing vectors q . Extrapolated molar masses and radii of gyration of single core-shell
micelles are not realistic, because they correspond to micellar aggregates. The mea-
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Scheme 4.2: Chemical structure of the PLA-b-QPDMAEA diblock copolymer.

surements provide similar down-curved shapes of both Berry and Zimm plots. All
results in pure water, salted water (0.01, 0.02 and 0.05 M NaCl) and in a 0.05 M
CHES/Li buffer with pH 9.23 are similar and suggest that the presence of C12 se-
quences on the periphery on micellar shells induces some secondary aggregation of
micelles. The extrapolation of data from the angular region where the scattering
from large aggregates is suppressed, i.e., from 90 to 1500, yields RG ca. 60 nm. The
average density of the associates based on extrapolated values from Fig 4.8 (MW

ca. 8.3x106 g.mol−1 and RG ca. 150 nm) is unrealistically lowρ ca. 10−2 g.cm−3,
but it indicates without any doubt that the micellar aggregates are very diffuse, low
density (presumably gel-like) associates.

The distributions of the relaxation times obtained by DLS are broad and the
angular dependences of z-average RH (recalculated from the diffusion coefficients
under the assumption of free diffusion of particles using the cumulants method [133]
and) do not yield constant values in the whole region of scattering angles from 300 to
1500. At large angles (high q), they are relatively constant (close to 55 nm), but they
strongly increase in the region of small angles (low q), reflecting the presence of large
particles. The dependence of RH on q for a relatively low polymer concentration, c
= 0.125 mg/mL in the 0.01 M sodium tetraborate buffer is shown in Fig 4.9 as a
typical example.

The comparison of distributions of RH for the same concentration of micelles
in 0.1M sodium tetraborate at low and high q (shown in Fig 4.10) is interesting.
The distributions at low scattering angles are broad and show a pronounced tail
towards high RH caused by almost un-attenuated scattering from large aggregates.
However, the distribution evaluated at high q (using the same damping constant)
is bimodal. We assume that the relatively narrow peak with average RH ca 30 nm
corresponds to single core-shell micelles and the relatively broad peak spanning from
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Figure 4.8: The Berry plot of parent PLA-b-QPDMAEA-C12 micelles in 0.01M
sodium tetraborate buffer. The curves with squares (from the left to the right)
correspond to polymer concentrations 0.125, 0.25 and 0.5 mg/mL, respectively, and
the curves with circles depict data extrapolated to the zero concentration and the
zero angle.

Figure 4.9: RH of parent PLA-b-QPDMAEA-C12 micelles in 0.01M sodium tetrabo-
rate buffer recalculated from diffusion coefficients on the basis of the Stokes-Einstein
formula as a function of q2 . Diffusion coefficients were obtained from the 2nd order
cumulant fit from DLS measurements of the solution with the concentration 0.125
mg/mL at the scattering angle 90◦. Insert shows the corresponding SLS data.
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Figure 4.10: The intensity-weighted DLS distributions (and the number weighted
DLS distributions shown in Insert) of hydrodynamic radii for parent PLA-b-
QPDMAEA-C12 micelles with concentration 0.125 mg/mL in 0.01M sodium tetrab-
orate buffer measured at scattering angles 130◦ and 30◦.

60 to 200 nm corresponds to micellar aggregates and we therefore tried to corroborate
this assumption by microscopy measurements. Cryogenetic transmission electron
microscopy measurements confirmed our assumption and provided further details
on parent micelles, but as I did not perform these measurements, I did neither
include nor discuss microscopy images into this chapter. Relevant information can
be found in the attached PAPER 3 and in pertinent Supporting Information.

Further we studied the formation of onion micelles composed of central PLA
cores, inter-polyelectrolyte QPDMAEA-PAA middle layers and stabilizing PEO
shells in alkaline aqueous mixtures at different ratios, Z , of positive-to-negative
charges on QPDMAEA and PAA chains. The onions form spontaneously upon mix-
ing parent PLA-b-QPDMAEA micelles with PAA-b-PEO solutions. The results of
DLS and electrophoretic LS measurements are shown in Fig 4.11 Curve 2 shows
the ζ-potential vs. Z measured by electrophoretic light scattering for mixtures of
PLA-b-QPDMAEA parent micelles (0.5 mg/mL in 0.01 M borax) with increasing
volumes of borax solutions of double-hydrophilic PAA-b-PEO copolymer. The ζ-
potential of pure parent micelles is positive (ca. 50 mV) and the curve decreases to
negative values with increasing Z , which indicates the formation of nanoparticles
with decreasing positive surface charge. According to expectations, the potential
reaches ζ = 0 for Z ca. 1, i.e., the measurement indicates the formation of nanopar-
ticles with matched charges in the 1:1 inter-polyelectrolyte layer and zero charge at
their outermost periphery. As ζ < 0 at Z > 1, the negatively overcharged particles
form in the region of high Z . Even though the location of the Stern and shear
layers in systems of polymeric micelles and the definition of the ζ-potential are not
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Figure 4.11: Hydrodynamic radii RH (curve 1) and ζ-potential (curve 2) of onion-
shaped micelles formed in mixtures with constant concentration of the parent
micelle-forming component, c = 0.5 mg/mL and increasing charge ratio, Z .

as clear as in the case of compact colloidal particles, the measurement indicates
gradual compensation of the fixed charge on micellar shells by the added copolymer
and the build-up of an IPEC layer with mutually neutralized electric charges around
the inner hydrophobic PLA core.

The co-assembly process was monitored by measuring the intensity of light scat-
tered from solutions with a constant concentration of the first component (parent
core/shell micelles, c = 0.5 mg/mL ) at 90◦ vs. Z (Fig 4.12). The SLS intensity
slightly increases (ca. twice) with increasing Z in the 0 to 1 region and for Z > 1,
it decreases. The increase in scattering intensity reflects the fact that the overall
molar mass of onion micelles slightly increases. However, the increase is only mod-
erate because the lengths of both PAA-b-PEO blocks are appreciably longer than
those of PLA-b-QPDMAEA blocks and consequently the number of soluble units in
onion micelles is higher than that in parent micelles. Because the 1:1 onion micelles
are better stabilized than parent micelles (i.e., they contain higher ratio of soluble-
to-insoluble units), the numbers of PLA-b-QPDMAEA chains, which participate at
the formation the insoluble domains (central core and IPEC layer), decrease. As
the inner core and the collapsed IPAC layer are very compact, i.e., relatively small,
the overall size of onion micelles decreases [107,199,270].

The interpretation of I /IZ=0 vs. Z curve at the molecular level is not possible
because the scattering intensity measured at constant finite angle and finite con-
centration reflects several contributions: (i) Molar mass of studied particles changes
with Z . (ii) As the system (particularly the parent micelles) are not kinetically
frozen, the number of PLA-b-QPDMAEA chains in onions differ from that in par-
ent micelles and the concentration of scattering particles changes. (iii) Refractive
increments of components differ. (iv) The scattering intensity at 90◦ is affected by
the change of the particle form factor as the size of the particles changes. (v) The
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Figure 4.12: Normalized light scattering intensity of onion-shaped micelles formed in
mixtures with increasing negative-to-positive charge ratio, Z , monitored at the scat-
tering angle 90◦. Insert: The intensity-weighted (solid line) and number-weighted
(dashed line) DLS distributions of hydrodynamic radii of onion-shaped micelles at
Z = 1 and scattering angles 30◦ and 130◦.

main complications unreel from changes in the size and/or in the number of large
aggregates. Even though the number fraction of micellar aggregates is negligible,
they dominate the scattering at finite angles and their changes could considerably
affect the shape of the monitored curve. Insert in Fig 4.12 shows the distribution
of RH in the system of stoichiometric onion micelles measured at 30◦ and 130◦ and
at finite concentration, c = 0.5 mg/mL. The distributions are bimodal and contain
two well separated peaks (at the baseline level). The first peaks correspond to single
onion micelles and the second peaks to micellar aggregates. At 130◦ when the con-
tribution of large particles is more suppressed by interference than at 30◦, the first
peak attains maximum at ca. 15 nm, which shows that RH of single onion micelles
is smaller than that of parent micelles. This observation is consistent with other
measurements. The size of aggregates differs from that in system of parent micelles.
This suggests changes in their size due to their interaction with PAA-b-PEO. This
is why we did not attempt to interpret the whole shape of the SLS curve in detail.
The observation that the size of spherical onion micelles is smaller than that of the
parent micelles was corroborated by cryo-TEM imaging. For more information, see
the attached PAPER 3.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This thesis is based on studies of self-assembly and co-assembly behaviour of several
types of block copolymers with high and low molarmass compounds that I conducted
at the Department of Physical and Macromolecular Chemistry at the Charles Uni-
versity, Prague under the leading of my supervisors, Prof. Karel Procházka DrSc.
and doc. RNDr. Miroslav Štěpánek PhD.

In the first paper work, the study shows that the solubilization of photosen-
sitizer in block copolymer and homo polymer nanoparticles is successful, further
we prepared a series of poly(ethylene glycol)-b-poly(ϵ-caprolactone) self-assembled
nanostructures (TPP@PEG-PCL), encapsulating the tetraphenylporphyrin photo-
sensitizer, and demonstrated the size and structure effects and efficiency on their
photophysical and photochemical behaviors. The preparation of TPP encapsulated
nanoparticles were done by well-known method called nanoprecipitation, which is
kinetic process, where the aggregation number is given by the aggregation rate of the
polymer. This technique is useful for controlling the size of the nanoparticles. The
TPP@PEG-PCL nanoparticles are stabilized by the hydrated PEG shell, and on top
of it, they are slightlynegatively charged due to the presence of terminal carboxylate
groups of PCL. The ζ-potentialvalues ranged from -7 to -30 mV. The nanoparticles
were characterized by static and dynamiclight scattering and their molar masses and
sizes were evaluated. The dn/dc values werecalculated as mass weighted averages
of dn/dc for PCL and PEG homopolymers. DLS CONTIN methods helps us to
analyze the radius of gyration and molar masses for the nanoparticles effectively
and observed that the distributions were bimodal for some cases. The nanoparticles
RH values ranges from 15 nm to 200 nm approximately.

The study of block copolymers, the association behavior of two PNIPAM poly-
mers, C12P2 and C12P6, each with dodecyl and carboxylate terminal groups, in
aqueous solutions as a function of temperature, pH and ionic strength. Light scat-
tering measurements confirmed that the polymers from micelles with the mean hy-
drodynamic radius ranging from RH = 6 nm to RH = 8 nm and that in aqueous
media at pH ≈ 8 solutions also contain fraction of large aggregates. Further charac-
terizations from SAX revealed that both polymers associate in micelles with cores
formed by the dodecyl terminal groups and having carboxylate terminal groups in
the peripheral part of the micellar corona. ITC measurements revealed that the
dilution of end-modified polymers in water is an exothermic process, which reflects
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demicellization of the polymers and subsequent hydration of the C12H25 groups.
pH values of the end-modified polymers are very important parameter determining
the cloud point temperature, non-modified PMIPAM showed that the cloud point
temperatures are pH-independent. The effect of cloud point temperature is more
pronounced for C12P2 due to the higher association number and smaller size of
the micelles, which results in a denser micellar corona compared to C12P6. The
ζ-potential measurements as a function of pH for all three studied PNIPAMs found
that the transition of the ζ-potential from positive to negative values, as the pH
increases, correlates with the cloud point temperature transition only for modified
polymers. As the hydration state of PNIPAM chains in the micelles is affected by
ionization/protonation of the carboxylate group, changing pH of the solution allows
for tuning the temperature of the phase separation of the system this is detected
and obtained by light scattering as the cloud point temperature, TCP. The effect of
pH onTCP is more pronounced for C12P2 due to the higher association number and
smaller size of C12P2 micelles, which result in a denser micellar corona compared
to C12P6. The rate of aggregation of both C12P2 and C12P6 in alkaline solutions
above TCP can be decreased by increasing the ionic strength of the solution which
proves that the aggregation kinetics of these polymers can be controlled by screen-
ing the electrostatic repulsion between the carboxylate end groups in the micellar
coronas.

The study of diblock copolymers with PLA-QPDMAEA and PAA-PEO shows
that the self- assembly of a copolymer containing one hydrophobic block and one
polyelectrolyte block and electrostatic co-assembly of core-shell micelles with poly-
electrolyte shell (prepared in the first step) with a double-hydrophilic copolymer
composed of a neutral water-soluble block and an oppositely charged PE block.
The cationic copolymer stars with a hydrophilic –COOH group and continues with
26 PLA monomeric units and later with 18 PQPDMAEA units. The PQPDMAEA
block is shorter than the PLA block and consists of 18 monomeric units, each bear-
ing one elementary charge, i.e., its backbone is composed of 36 carbon atoms and
every second C bears a four-atom-long linker terminated by a bulky and electrically
charged trimethylamonium group. The PAA-b-PEO copolymer contains 104 PAA
and 511 PEO units. The SLS study provide a useful overview on the self-assembling
behavior. DLS measurements using cumulant method reveled that at large angles
the RH close to 55 nm and for small angles it is more due to the presence of large
particles. The distribution at low scattering angles are broad with high RH. The
intensity of the scattered light from the onion micelles shows the co-assembly. The
pronounced increase in intensity with increasing Z in the 0 to 1 region indicates an
increase in the molar masses of the scattering particles. For Z > 1, the scattered
light intensity decreased. The ζ-potential of a parent micelles is positive and the
curve decreased to negative values with increasing Z, this indicated the formation
of complex nanoparticles with decreasing positive surface charge. The potential ζ
= 0 for Z = 1. This indicates the formation of strongly scattering nanoparticles
with charge in the 1:1 in polyelectrolyte layer with zero charge at their outer most
periphery. The study was motivated by the following controversy: In spite of the
fact that thermodynamic analysis predicts the formation of onion micelles as a fa-
vorable process, there exist very few publications reporting successful attempts at
their preparation. Because we are of the opinion that the experimental difficulties
are of a kinetic origin, we analyzed potential obstacles and selected a system in
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which we did not expect insurmountable kinetic barriers (relatively short and flexi-
ble chains, low TG, moderate hydrophobicity of PE backbones, etc.). Experimental
study confirmed that stable aqueous dispersion onion micelles can be prepared by a
combination of polymer self- and co-assembly.

5.2 Perspectives for Future Research Work

In my Thesis, I studied three complex self- and co-assembling polymer systems with
very promising application potential. The studies contributed to the knowledge of
the structure and properties of the assembled nanoparticles and identified decisive
trends of their behavior. The Thesis simultaneously revealed that more studies
are needed in this field and indicated the orientation of the research which should
persuade in near future. The most urgent and most promising direction concerns
the studies on multicompartment micelles that can be prepared by a combination
of several self- and co-assembling steps. As a matter of the fact, only a few papers
have been published on that topic so far. Our study (published in Macromolecules
in 2020) aimed at the decoration of core/shell micelles with polyelectrolyte shells by
copolymers containing an oppositely charged polyelectrolyte block contributed to
the understanding of multicompartment micelles and particularly of onion micelles.
However, a number of specific questions on details of the behavior could not be
addressed in one study. These questions concerning, e.g., chain architecture , relative
lengths of IPEC-forming PE blocks and their flexibility remind unanswered and call
for further studies.
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[247] M Štěpánek, K Krijtová, Z Limpouchová, K Procházka, Y Teng, P Munk, and
SE Webber. Solubilization and release of hydrophobic compounds from block
copolymer micelles. ii. release of pyrene from polyelectrolyte micelles under
equilibrium conditions. Acta polymerica, 49(2-3):103–107, 1998.
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Monika Leśkiewicz, Magdalena Regulska, Wladyslaw Lasoń, and Piotr
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