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Abstract

This work is part of a global project of our department, where we focus on synthesis and
studies of derivatives of block copolymers made of styrenes and methacrylates.

Here we investigate the combination poly(p-octylstyrene) and poly(n-butyl methacrylate)
which, according to our opinion, has great potential in being usable in various applications.
Because of high incompatibility of the components, which makes easier the (micro)phase
separation, such system can be used especially in the field of nanotechnology or also as a
model in fundamental research.

The work started by anionic polymerization of a series of homopolymers and nearly-
symmetric diblock copolymers. The products were isolated and characterized by GPC and
DSC methods. We also tried to obtain temperatures of order-disorder transition (ODT)
characteristic of symmetric copolymers, however, because of the unsuitable grain structure
combined with strong incompatibility of the blocks, it was found that the ODT temperature
was out of the measurement range.

After that we focused on a study of bulk properties of diblock copolymers using small-
angle X-ray scattering and transmission electron microscopy. In these experiments we
confirmed regular lamellar organization in all samples, which corresponds to the theoretical
predictions resulting from the general phase diagram of diblock copolymers.

In the next part of the work we used atomic force microscopy to study systematically the
modification of thin layers of the synthesized copolymers by vapor-treatment using simple
organic solvents. The vapor-treatment is a useful method to change actual topographical
and/or microphase arrangement of thin films. Here we tried to find a relation between the
solvent quality for diblock copolymer components and the resulting structure. According to
our results, in order to get a structured surface, it is suitable that the solvent has at least a
weak interaction (solubility or swelling) for both homopolymer chains. Using
thermodynamically “good” solvents had no effect in our cases, to the contrary with results in
some other publications dealing with different systems. We also confirmed that using
suitable solvents it is possible to obtain parallel or perpendicular arrangement of final
structures, with respect to the supporting substrate.

Besides of thin layers of the “pure” diblock copolymers, the thin films of ternary blends of
a diblock copolymer with corresponding homopolymers were investigated. Here we focused
on the surface behavior of the mixtures with composition near the tricritical Lifshitz point,
which — because of the possibility to form bicontinuous microemulsions — is an often studied
composition for its potential usability in material science. All of the found published
comparable studies, however, deal with the behavior of bulk systems, so our thin films-
focused experiments can be, as we believe, interesting as the starting point of the next
potential studies of the thin films of ternary polymer systems.



In the last part of the work, the dynamic behavior of diblock copolymer solutions in
mixtures of two partially miscible solvents A and B was studied by dynamic light scattering
(DLS) and small angle X-ray scattering (SAXS); A was selective solvent for one copolymer
block and B for the remaining one. Using DLS, we found a number of temperature and
concentration dependent dynamic processes which correspond to published ones for
solutions of similar diblock copolymers. Using SAXS, we confirmed the presence of hollow
micelles which consist of the core (“drop”) of A-rich phase (minority solvent) covered with the
shell of the diblock copolymer located in B-rich phase (majority solvent). This finding is
important since allow us prepare hollow micelles, which can play an important role in
theoretical studies or practical applications; e.g., as nanocontainers.
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2 Introduction

In the presented work are summarized our results obtained by investigating the poly(p-

octylstyrene) (POS) and poly(n-butyl methacrylate) (PBuMA) block copolymer system.

This combination was chosen because of several important reasons:

e to continue our previous projects we decided to use in our experiment derivatives of
styrene and methyl methacrylate. This helped us to compare the obtained results
with work that was (and will be) done and widen the general knowledge of these
polymer materials.

e we found interesting to study a hydrophobic diblock copolymer system consisting of
two components with relatively low glass transition temperatures, T4, which makes
easier the investigation of the system below and above T, (T, of POS is ca -40 °C,
T, of PBUMA ca 50 °C)

e studies of organization in block copolymers with a strong mutual incompatibility of the
components is desirable, because of its stabilizing effect on newly created structures

in bulk and in thin layers.

Both components also demonstrate high incompatibility, which plays an important role in
microscale organization with long organization period. This is important in nanotechnology
applications, where a high incompatibility helps to stabilize the created structures. Another
motivation for our work was also that we deal with a completely new system, which
according to our bibliographic search has never been studied before.

Exploring of systems containing POS has according to our opinion a different, at first sight
less noticeable sense: because of its extremely low T,, comparable with polybutadiene, POS
can serve also as a “plasticizer” in otherwise hard polymer blends or copolymers. Here is a
great advantage its certain structural similarity with styrene, which can bring a fresh wind in

producing of new combination of traditional materials.

Using anionic polymerization we have synthesized poly(p-octylstyrene)-b-poly(butyl
methacrylate) (OB) diblock copolymers and the corresponding homopolymers and we
explored these systems from a different points of view: we studied the behavior of the OB
diblock copolymer in bulk to see natural organization, in thin layers to have an idea about
surface structures and also in solutions in simple and binary solvents to follow its association
behavior. We are of course conscious that it is not possible to study all phenomena and
interactions and that there still exists many ways for follow up and extension of the presented



experiments. Nevertheless we think that our results on the interesting system of poly(p-
octylstyrene) — poly(butyl methacrylate), as summarized in this thesis, contribute to the
general knowledge of macromolecular chemistry and physics.



3 Abbreviations list

a : angle tilting of the cuvette with the sample
r . relaxation constant

£ : correlation length

A - wavelength of the light

n . dynamic viscosity [N.m"'.s]

0 . scattering angle

X : Flory-Huggins interaction parameter
p . density

T - relaxation time

AFM . atomic force microscopy

BCC : body-centered cubic

c* . polymer solvent critical concentration (the crossover concentration)
d - regular structure spacing size

D - diffusion coefficient

DD : double diamonds

DFE : 1,1-diphenylethylene

DFMPLi . diphenylmethylpentyllithium

DLS : dynamic light scattering

DMF : N,N'-dimethylformamide

DSC : differential scanning calorimetry
FCC : face-centered cubic

g : normalized correlation function

G . correlation function

GPC . gel permeation chromatography
HCPS . hexagonally closed packed spheres
HPLC : hexagonally packed cylinders

k . Boltzmann's constant

I . trajectory length

LAM - lamellae

n . refractive index

N : degree of polymerization

oDT - order-disorder transition

OB . poly(p-octylstyrene)-b-poly(n-butyl methacrylate)
PBuMA . poly(n-butyl methacrylate)

PC . primitive or simple cubic

POS . poly(p-octylstyrene)
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4 Block copolymers

4.1 General

The presented work deals with synthetic block polymeric materials and their mixtures and
solutions. In general, polymers are high-molecular-weight compounds, consisting of
monomer units of one or more types. Molecules synthesized from identical monomer units
(one kind of monomer units) are called homopolymers, while molecules synthesized from
different monomers are called copolymers. Copolymers can be subtly discriminated into
different groups according to organization of the monomer units and the chain geometry - we

know alternating, random and block copolymers (Figure 1).

1) Cpesetttetoeisstes ©® monomer unit of type A

©® monomer unit of type B

3 CRseiggcuggsstee

Figure 1. Example of copolymer basic types — (di)block (1), alternating (2), random (3)

The last one can be further separated to linear di- or multi- block copolymers and graft and

star-like copolymers (Figure 2).

1 n
) e mm mm NOMOPOlymer chains

of different qualitative types

2) RN N
3) + 4) W

Figure 2: Examples of block copolymer structures — (AB) diblock copolymer chain (1), (ABA) triblock
copolymer (2), star-like (3) and grafted (4) chains structures.

By combination of different types of monomer units and homopolymer chains we can
widen the possible range of usability of final materials because of combinations of materials



with different properties. The block copolymers, however, bring a new dimension into
material science thanks to specific interactions of polymer chains. In a multicomponent
polymer system — in mixture of homopolymers — even chemically very similar chains are
generally immiscible and strongly incompatible, so at suitable conditions the system is
unstable and the originally homogeneous mixture decomposes into phase separate

components!HZBHH]

4.2 Block copolymers in bulk systems

Copolymers, and especially block copolymers, bring — thanks to chemical bonds between
unlike molecules — a desired stability into the system, so we are able to prepare new, tuned
materials of target properties simply by the chemical reaction of selected monomers.

The incompatibility of homopolymer chains, even though these are connected through the
chemical bonds into one chain, is however still present. The macroscopic phase separation,
observable in simple homopolymer systems even by the naked eye, is now moved into a
finer level as a self-assembly of block copolymers A-b-B, and a microphase separation into
various structures (see Figure 3) can be observed using suitable physical methods. The
structure and degree of microphase separation of block copolymer systems generally
depends on the chain length (given by the degree of polymerization N) on one side and the
strength of interaction of components on the other side. The influence of these variables can
be drawn to a phase diagram (see e.g. Figure 24 at page 40), where one axis represents the
composition of the system f and the second the interaction of the components given by the
expression yN, where the y is the Flory-Huggins interaction parameter of the
A segment - B segment interaction energy. For theoretical models it s common to distinguish
three different regimes depending on the value of yN: the weak-segregation limit (WSL) for
%N = 10; the intermediate segregation region (ISR) for 10 < yN < 50 and the strong
segregation limit (SSL) for yN — <.

The phase behavior of the final block copolymer can also be fine tuned by addition of
small amounts of homopolymers identical to the present blocks, which leads to a system
equivalent to a block copolymer with different ratio of blocks. The microphase separation,
paradoxically, widens the possible applications of block copolymers into other fields of
practical life, and these and similar effects attract nowadays great attention, as can we

estimate e.g. from reviews!® 7]



BCC spherical hexagonal cylindrical gyroid (bicontinuous) perforated lamellas lamellar

Figure 3: Examples of common self-assembled phase structures of block copolymer system. Adopted
from [5].

Self-assembly based polymer structures are useful in various fields. They can be used
e.g. in optical systemsf® 1°1 01011 or a5 base for preparing of microporous structures usable
for producing semi-permeable and other membranes (systematically studied e.g. by Liu
et al. int'a- 131041051 or by the other authors!'® ")) as well as for preparation of hybrid!'® and
semiconducting materials!" or as regular structures for templates in nanotechnology®” and
nanolitography.

Thanks to theoretically enormous number of possible combinations of usable copolymer
systems, we can select materials suitable for a desired application. However, to apply pure
block copolymers in all cases is too expensive and often useless. In these cases it is
possible to utilize the block copolymers as surfactants and compatibilizers for homopolymer
mixtures. In these ternary or more complex systems of homopolymers and block
copolymer(s), the block copolymer(s) lower the interfacial tension of homopolymers and the
mixture behavior can be compared to the well studied, low-molecular-weight
oil/water/surfactant systems?" 22112 (suitable e.g. for a drug delivery carriers 24).

These systems — homopolymer blends combined with a block copolymer to get as much
homogeneous system as possible (microemulsion or bicontinuous microemulsion) — have
great importance, because of its usability in real life applications. Thank to this technology,
we can prepare new materials with targeted quality, often combining exceptional properties
from two or more components. The other usable and important application can be also
recycling of existing polymer waste, where we are able to omit some (money and/or time
expensive) separation processes. From suggested applications, it is logical that in the
present time there still exists a wide and intensive research of this field, as can be verified in
extensive literature, e.g. in 12°) 1261127 {28]. [29]

The first approach to understanding the complex behavior of multicomponent mixtures
based on block copolymers is studying the simplest and controlled systems formed from
ternary mixtures of diblock copolymers of type A-b-B and corresponding homopolymers A
and B. Most experiments and corresponding theories are focused on the study of equilibrium



bicontinuous polymeric structures near mean-field isotropic Lifshitz point (LP) in ternary
blends of two equal molecular weight homopolymers (A and B) and a compositionally
symmetric diblock copolymer (see e.g.3% 131132} [33]. [34], [25]. 35]. 36}, [37)) | such systems LP are
located on a plane corresponding to blends with equal proportions of the two homopolymers
but varying amounts of copolymer (the isopleth — plane) - see Figure 4.
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Figure 4: The phase prism for a ternary blend of two homopolymers and a block copolymer.
Homopolymer compositions (volume fraction) ®, and ®g are measured at triangular base, while
copolymer composition ®¢ is measured from the back (hidden)corner of the triangle. The vertical
coordinate of the prism is the incompatibility degree yN. The isopleth (plane corresponding to blends
with equal proportions of the two homopolymers but varying amounts of copolymer) is the shaded
plane cut through the prism at equal amounts of the two homopolymers, ®, = ®5. Adopted from [34].

The detailed behavior of a ternary system can be consequently described by a derived
isopleth phase diagram, as is presented in Figure 5 and Figure 6. In®*! is illustratively
discussed a mixture of a symmetric A-b-B diblock copolymer with a degree of polymerization
N and equal amounts of homopolymers A and B with degree of polymerization N and Ng: In
the absence of copolymer, i.e. at the homopolymer volume fraction @ = 1 (Figure 5), the
symmetric homopolymer blend has an upper critical consolute point located at yN = 2 and
the system exhibits a second-order phase transition between a disordered liquid phase (DIS)
and two coexisting homogeneous liquid phases (La + Lg). At copolymer addition to the
symmetric mixture, the critical point moves across the “Scott line” (which is a boundary-line
between ordered and disordered regions of the phase diagram in Figure 5) to the opposite
corner, where @ = 0 and the pure diblock copolymer melt undergoes an order-disorder



transition (ODT) at ¥N = 10.5. When the homopolymers are smaller than the diblock, i.e. a <
1 where the a is defined as:

N
N 4y

0= (4.1)

(N is average degree of polymerization of homopolymers A and B obtained by a simple
equation N = (Na + Ng) / 2 and Nas is degree of polymerization of used diblock copolymer),
the line of ODT meets the Scott line at a mentioned multicritical Lifshitz point L.

For a < 1 and asymmetric diblock copolymer the location of LP can be described by a

series of equations®® 4

172
Nh‘

D= —
4 NAI/-_'_NH]/_

(4.2)
where @, is volume fraction of homopolymer A; Na and Ng are degrees of polymerization of
homopolymers. The volume fraction @, of A-b-B diblock in the homopolymers blend mixture,
required for preparation of LP systems is:

1

¢ =——
S (142a7)

(4.3)

XN

(xN),
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DIS 2/a
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Figure 5: Phase diagrams in the isopleth plane for ®, = ®gand a < 1. The abscissa is the total
volume fraction of homopolymer, ® = ®, + &g, [®,, (xN).] are the coordinates of the Lifshitz point L.
LAM is the lamellar region, DIS means disordered liquid, La+Lgs means coexistence of A-rich and B-
rich disordered liquid phases. Fluctuations destroy the L and replace it with a channel (shaded) of
highly structured disordered phase — bicontinuous microemulsion (UE). Fluctuations primarily disrupt
the lamellar phase to produce the microemulsion channel so this is located just to the left of the mean-
field Lifshitz composition. Adopted from [34].
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As was mentioned at the beginning of this section, there exists a lot of experimental
studies dealing with critical LP system. Most of the experiments were done using scattering
methods (light, X-ray and neutron scattering) in bulk systems, and there also exist a few
works where the microemulsion was observed directly by TEMP® 7 as can be seen at

Figure 7.

DIS

LAM 29

> D

Figure 6: Scheme of experimentally observed phase diagram for a three-component system
A/B/A-b-B. LAM = lamellar phase, DIS = disordered phase, ® = volume fraction of
homopolymers, T = temperature, 2® = phase separated region, uE = microemulsion channel.
Adopted from [37].

However, up to now we did not find any publication dealing directly with LP ternary
blends, focused on their thin layer behavior — even when there exist similar studies focused
on other multicomponent systems, e.g. inl38} 39 [401. (411

Because in our projects we also deal with self-assembly of polymer materials in thin
layers, we found interesting to try to fill at least a small part of this “vacuum” and prepare a
LP microemulsion from POS / PBuMA / POS-b-PBuUMA ternary system and study its
formations in thin films. We think that the described studies can form an additional step to

the great world of nanotechnology applications.
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Figure 7: TEM photo of bicontinuous microemulsion morphology; ternary system of
polyethylene / poly(ethylene-propylene) / polyethylene-b-poly(ethylene-propylene); 10 % of diblock
copolymer. Adopted from [36].

4.3 Block copolymers in solutions

The block copolymer organization involves also association properties in solutions. The
solvent can be simple or a mixture of several solvents. Here the situation is complicated
because the solvent can be for a particular chain classified as good, near-6 or bad. In
dependence on the polymer concentration and on the solvent quality relatively to the
polymer chains a different system behavior can be observed. The polymer chains can be
molecularly dissolved, they can form micellar systems of various structures“? and using
incompatible solvents and suitable a block copolymer a quasi-liquid supramolecular systems
of high degree of organization“®'“*! can be formed. Exploring these effects is also a part of
intensive research in the past decades!“®6147] because of many applications of polymer
solutions in various industrial, medicinal and scientific applications.

In non-selective solvents, which are thermodynamically good for all blocks, copolymers
can form segregated, core-shell or mixed conformations. Their structures depend mainly on
the compatibility of the dissimilar segments and on solution concentration, and there exists a

lot of studies focused on this behavior, e.g.[#81481301511521(53]
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In solvents selective for one block, block copolymers structures are formed due the
amphiphilicity between the components. The free energy of the system is lower when block
copolymers associate into micelles with various structure, which can be observed above the
critical micellar concentration (cmc) and below the critical micellar temperature (cmt) (for
systems with upper critical solution temperature). In the case of insolubility of one of the
blocks, compact micelles are formed, where the insoluble chain is packed in the centre of
the micelle - even as a crystalline core!®.

In some other cases, depending on system compatibility and composition’, the polymer-
solvent system can adopt a new structure or preserve the original block copolymer size and
organization!“3%61571581 This behavior is also known from other systems (e.g. surfactant
solutions/*?6%5") studied previously, and demonstrates the similarity and variability of liquid
systems.

In the case of tri- and higher multiblock morphology of copolymers in selective solvents,
studied e.g. inl62 (6311641651 [86] the gjtuation is complicated by competition between looping and
bridging of the soluble chains given by the ratio of end-block versus inner block solubility®”,
and flower-like micelles, bridged micellar networks and gels or other structures can be
observed©8eeL7T72L73] Micellar and colloid systems generally are in great focus in present
because of potential use for drug delivery systems, nanoreactors, coating applications” or

even as DNA delivery systems, potentially usable in gene therapy!™, etc.

In the case of block copolymers in mixture of two immiscible solvents, e.g. in the system
of diblock copolymer (AB) in solutions (a) and (b) where the (a) is good solvent for block (A)
and precipitant for block (B) and vice versa, the behavior is complex.

At (AB) concentrations that exceed a value equivalent to cmc, the system interaction
energy drives the block copolymer to the liquid-liquid interface to reduce interfacial tension.
In this mixture stable swollen micelles or polymeric emulsions with brush-like interfaces,
curved according to (AB) symmetry(see Figure 8), are formed [/ 77). 8. 1791 (891 |f the (a) / (b)
interface is saturated with (AB) chains, the system also adopts a curvature primarily given by
the asymmetry of the (AB) diblock, but is more compact than at low concentrations — for
nearly symmetrical copolymers the structure is lamellar, for different blocks ratio spherical or

cylindrical domains are predicted.

13
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Figure 8: Diblock copolymer (AB) at liquid-liquid interface; at concentrations above the cmc brushes
are forming at the interface of binary mixture of incompatible solvents (a) and (b). The (B) blocks are
shorter than (A) and are therefore located on the convex side of the interface. Adopted from [79].

This ternary system behavior, theoretically studied in details e.g. by Cantor®®! and Danl",
is similar to the well-known three-component water/oil/block copolymer(or generally
surfactant) mixtures or to the four-component mixtures of oil/water/alcohol/block copolymer
studied e.g. by Marie et al.*’\. Effects in immiscible solvents/block copolymer systems were
in detail examined e.g. by Cogan et al.”®, who studied radius of micelles of polystyrene-b-
poly(ethylene oxide) (PSEO) in cyclopentane (CP) (selective solvent for polystyrene) after
addition of water (selective solvent for poly(ethylene oxide)). They found that saturated
micellar system PSEO/CP/water contains spherical micelles with narrow size distribution and
stable aggregation number. At lower water concentrations, anomalous large structures and
micelles were found, as was yet observed in some previous works!** 8! and which can be
caused by presence of insoluble or crystallized homopolymer chains in the center of the
micelle.

Ternary mixtures of a block copolymer in partially miscible binary solvents can however
bring also more complex behavior®,

After addition of diblock copolymer (AB) to a binary mixture of partially miscible solvents
(a) and (b), where (a) can dissolve block chain (A) and (b) dissolve block chain (B), a
homogeneous solution is formed at higher temperatures, where the solvents are fully
miscible. After cooling below the coexistence curve, solvents without a block copolymer are
going into a macrophase separation and a two-layer solvent system is observed. The solvent
mixture where diblock copolymer was added, yields a microphase separated system, where
(a)-rich domains coexist with (b)-rich domains and the liquid-liquid interface between the
domains is — in dependence on diblock copolymer concentration — covered with the swollen,
brush-like layer of (AB) copolymer. The morphology of the structure then depends on the
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composition and the concentration of diblock copolymer (AB), on the (a) / (b) solvent
composition and on the temperature. However, because of the seven interaction parameters
in the ternary mixture, the Flory-like system description is non-trivial and we can't easily
predict the real structure of the microphase-separated system. According to the new results
of Stépanek et al.®, a long-range-ordered cubic and hexagonal symmetry structure was
found in solutions of poly(styrene-b-isoprene), poly[styrene-b-(ethylene-co-propylene)],
poly(styrene-b-butadiene) block copolymers in binary mixtures of DMF and cyclohexane
(CX). The system organization begins above the phase transition temperature of the neat
solvents and is probably driven by the selective sorption®? of solvents to the block which is
better soluble in that solvent. The parts of polymer chains, located at the liquid-liquid
interface, adopt a conformation corresponding to the one in a good solvent (chain with
excluded volume) by which both blocks are surrounded.

As was mentioned before, in this thesis we stay focused on the behavior of one, not so
common block copolymer system of poly(butyl methacrylate) and poly(p-octylstyrene), i.e.
poly(p-octylstyrene)-b-poly(butyl methacrylate) (OB), and by this contribute to the general
knowledge of block copolymer systems organization. In this work, we explored the behavior
of OB in bulk system to observe its natural organization, in mixtures of selective
incompatible solvents to observe possible creation of micelles and supramolecular
structures, the behavior in mixtures of corresponding homopolymers, and the behavior in

thin layers under various conditions.
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5 Experimental methods

The synthesized polymer materials and their mixtures were investigated by a variety of
physical methods. Therefore, it was possible to study the material properties of copolymers
from bulk samples, through solutions to thin copolymer layers. Moreover, the obtained
results by various methods are usually complementary each other and provide complete

overview of the studied samples.

5.1 Small Angle X-Ray Scattering (SAXS)

SAXS is one of methods to examine small structures in organized materials, in size
ranges of approximately 1 to 100 nm. This method is applicable in solid state as well as in
melt and solution, and is widely used in various fields of science. For example it is used®! to
study the organization of membranes and of biopolymers (like DNA and proteins), their
interactions, to study the transition and structure organization of different phases in solid
materials, gels, latexes etc.

The structure information of the explored material is contained in the angular dependence
of scattered intensity of X-ray radiation’®! (in the scattering curve). From this and with the
help of theoretical relations between structure and scattering, we are able to suggest
probable structure model of our sample. This is achieved by comparing theoretical
scattering curves of different structures with experimental data, because scattering curves of
periodic materials show one or more interference maxima. The list of maxima for known
structures® is shown in Table 1.

Vstructure . relative positions of maxima (from®) values recélculated r;I;tive td theﬁrst
scattering maximum

LAM 1:2:3:4:5:6:7 | 1:2:3:4:5:6:7
HPLC 1:¥3:2:47:3:V12 :\V13: 4 1:1,7:2:26:3:346 :361:4
PC 1:V2 :¥3:2:v5:V6:v8:3 1:14 :17:2:22:245:28:3
BCC 1:v¥2:¥3:2:¥5:V6:V7:V8:3 1:1,4:17:2:22:245:26:28:3
FCC V3:2:V¥8:V11:V12:4:V19 1:115:16:1,9:2:23:25
HCPS V32:6: V41 : V68 : V96 : V113 1:1,06:1,13:1,46:1,73:1,88
DD V2:¥3:2:v6:V8:3:v10: V11 1:1,22:1,41:1,73:2:1,22:2,24:2,35
la3d N3:2:V7:v8: V10 V11 : V12 1:115:153:163:1,83:1,9:2
Pn3m V2:2:V5:V6:vV8:V10: V12 1:1,41:158:1,73:2:2,24:2,45

Table 1: Relative positions of maxima for regular structures adopted from [53]; LAM: lamellae, HPLC:
hexagonally packed cylinders, PC: primitive or simple cubic, BCC: body-centered cubic, FCC: face-
centered cubic, HCPS: hexagonally closed packed spheres, DD: double diamonds. ia3d, pn3m.
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SAXS results are often processed using the Porod's law, which generally predicts a

decrease of scattered intensity proportional to g* (g is scattering vector defined as

q=4Tnsin(%) (5.1)

where 4 is the wavelength, 6/2 is the scattering angle) at large values of the scattering vector

q.
I(q)=12mp’Slq" (5.2)

where /(qg) is the scattering intensity, q the scattering vector, p the electron density difference
between particulate domains and the matrix material, S is a structure factor and /. is a
constant. Figure 9a shows an example of a typical result obtained on one of our systems. In
order to see better the behavior at larger values of g, it is preferable to plot /og g% I(q) vs.
log q is plotted instead of /og /(q) versus log q as shown in Figure Sb

raw data using Porod's law
50

1000 +

log (g} [a.u]
log g*1(g) [a.u]

100 Ao

0,1 ————r 01 S —
02 1 2 02 1 2

logq[nm™"]
Figure 9: lllustration of raw SAXS data and data linearized using Porod's law. Thermo-

annealed sample of POS-b-PBuMA.

The SAXS scattering curves were measured in cooperation with Frédéric Nallet from
Centre de recherche Paul-Pascal, CNRS, Pessac, France. A Nanostar-U instrument was
used (Bruker AXS) with a HISTAR 2-D detector positioned at 1070 mm from the sample.
The X-ray source was a Cu-anode tube yielding a beam with wavelength 1.08 A, the primary
optics was equipped with Goebel mirrors. The resulting 2-D images were found in all cases
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to be isotropic, the data were azimuthally averaged to yield an intensity vs. g scattering
curve. The scattering experiments were performed at room temperature. The polymer
samples were sealed in 2 mm capillaries that were placed in the evacuated chamber of the

instrument.

5.2 Transmission electron microscopy (TEM)

Transmission electron microscopy is in general similar to optical microscopy, except that
the photons are replaced by electrons. Since the wavelength of electrons is smaller than that
of photons a higher resolution is achieved.

Because of strong interactions of electron with matter, gas particles must be absent in the
system. Recent advances have allowed samples to be imaged using lower vacuums and
with partially hydrated samples, and the use of an electron transparent membrane between a
biological sample and the vacuum has been shown to allow fully hydrated samples to be
imaged, although there is a reduction in resolution.

Electron microscopy is very suitable for investigation of conductive or semi-conductive
materials. Non-conductive materials can sometimes be imaged by an electron microscope,
however the electron beam will be absorbed by the material, which will change the physical
properties of the material (for example, the material can burn off). A common preparation
technique is to coat the sample with a several-nanometer layer of conductive material (e.g.,

by spattering of gold, etc.); however this process may disturb delicate samples.

Transmission electron microscopy results, published in this dissertation, were performed
with cooperation with Dr. Miroslav Slouf. The microscope JEM 200CX (Jeol, Japan) was
used for TEM imaging of our samples. All microphotographs were taken at acceleration
voltage 100 kV and recorded with a digital camera. Brightness, contrast and gamma
corrections were performed with standard software. Ultrathin sections of ca 50 nm were cut
from the thermo-annealed bulk sample with the ultramicrotome Leica Ultracut UCT,
equipped with cryo attachment. Temperatures during cutting were -110 °C and -50 °C for the
sample and the knife, respectively. The samples were stained with RuO, to obtain contrast
images!®.

5.3 Dynamic light scattering (DLS)

DLS (also known as Quasi-Elastic Light Scattering - QELS or Photon Correlation
Spectroscopy) is based on the fact that all particles in dynamic systems, like molecules in
solutions and melts, are influenced by the others and demonstrate random motion'®, called
Brownian motion.
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At the light scattering, particles interact with the incident light and this motion imparts a
randomness to the phase of the scattered light, such that when the scattered light from two
or more particles is added together, there will be a changing destructive or constructive
interference. This leads to time-dependent fluctuations in the intensity of the scattered
light!8")- (881,

Except for typical static light scattering, the scattered light is influenced also by all
dynamic fluctuations and short-ranged forces (e.g. from molecules thermal motion), which
causes inhomogeneities in microscopic structure of the examined system.

These effects are observable by the Doppler broadening of the spectrum of incident light
due to the diffusive motion of molecules. In the case of macromolecules, the broadening is
in the range from 1 to 10° Hz. Higher frequencies of shift are found at the rotational motion
case.

The principle of DLS measurement is monitoring of the time-dependence of the intensity
of scattered light /(q, t), which fluctuates about an average value, using a fast photon
counter’®. The rate at which the intensity correlation decays to the average value (relaxation
rate) is determined by the dynamical properties of the molecules. Time fluctuations of the
scattered intensity may be described by the time autocorrelation function G"(t). The
correlation function is defined as:

G"(1)=(1,g"(1) (5.3)

where tis the time delay between two observations, </s> is time-average light intensity and
g™ (1) is the normalized autocorrelation function of the electric field of the scattered light.

The correlation function provides a convenient method for expressing the degree to which
two dynamical properties are correlated over a period of time ¢. A time dependent
autocorrelation function is a function describing the correlation of a property with itself over a
period of time. A correlation between two different properties is given in a cross-correlation
function.

The optical spectrum of scattered light /s(w) is in simple case a Lorentzian function with a
maximum at the frequency w, and half-width I" and is related with correlation function G by

the equation:

I(w)=(1127) [ G"(t)expliwr) dt (5.4)

and the corresponding autocorrelation function is a single exponential with a decay rate I':

g"(t)=exp(iw,t)exp(—T1) (5.5)
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The quantity really measured in a correlation experiment is the intensity correlation
function G@(t), which is related to g/"(t) by the Siegert relation!®!:

2

G()=B(1+8lg" (1)) (56)

where g'(z) is the normalized field correlation function, B is the baseline, and S is the
coherence factor, generally considered as an adjustable parameter in the data analysis
procedure. This can be rewritten in a normalized form as:

|2

g2(1)=G?(1)IB=1+8|g"(1) (5.7)

If there are more dynamic processes present in the investigated system, the correlation
function is a superposition of many single exponential functions described by an integral

relation known as a Laplace transformation
g(z)(t):H'B[fA(t)exp(—t/'r)dt]z (5.8)

where t is the delay time of the correlation function and 8 an instrumental parameter. Using
the inverse Laplace transformation in REPES®" based programme, g?(t) were converted
into distributions A(z) of relaxation times 7 : The relaxation time r is related to the diffusion

coefficient D and relaxation (decay) rate I" by the relation:
I'=—=Dq" (5.9)

where q is the scattering vector (see Eq. 5.1).
The hydrodynamic radius R, of the particles is calculated from the diffusion coefficient

using the Stokes-Einstein equation:

kT
Rh:
6mrnD

(5.10)

where z is the solvent viscosity, T the absolute temperature and k the Boltzmann constant. In
these calculations, it should be kept in mind that the hydrodynamic radius may include a
solvatation layer.
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In the case of polymeric and other systems without distinctive particles, it is more
appropriate using a correlation length (¢) instead of a hydrodynamic radius (R,). The
correlation length is a measure of the range over which fluctuations in one region of space
are correlated with those in another region. Two points which are separated by a distance
larger than the correlation length will each have fluctuations which are relatively independent
(uncorrelated).

DLS measurements are appreciated as noninvasive and relatively fast method to
measure various solutions and colloidal systems to determine translational and rotational
diffusion coefficients, as well as for studies of systems mobility. It is applicable also for
studying of internal modes of polymer networks and gels®®. Because of its noninvasive
nature, the method is widely usable in bio- science e.g. to observe dynamic changes in

biological systems efc.[°2H535411951561(57],

For measurement we used a commercially available ALV-5000 and ALV-6000 correlator
from ALV GmbH (Germany) with homodyne detection. The used light source was a vertically
polarized beam of helium-neon laser with wavelength 1=632,8 nm. The intensity of the laser
source was regulated with a rotary gradual-dark filter. From the scattered volume the emitted
light was conducted through an optical system with an iris diaphragm to the detection
system, consisting of a photodiode or photomultiplier. The signal was then sent to the
computer with a special correlator card and processed with a supplied software. The general

scheme of the equipment is shown in Figure 10.

thermostat
attenuatos with a sample cell
laser source

collumator

detector

optical fibre to
cotrelator computer system

Figure 10: DLS configuration scheme
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The obtained correlation curves (example in Figure 11a) were transformed by Laplace
transformation using home-made program GenR to distribution of relaxation times (Figure
11b) and after that to distribution of correlation lengths (hydrodynamic radius) (Figure 11c).

In the present work it is necessary to show a dependence of three different values, e.g.
signal intensity/correlation time/temperature. Because a series of simple curves is not too
transparent to display it, we decided to use a colored top-view look on a 3-dimensional
surface, which is well-known e.g. from geographical projection of Earth's surface and is more
suitable for our purposes (example in Figure 12).
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Figure 11: DLS data processing steps: (a) correlation curve; (b) distribution of relaxation times; (c)
distribution of correlation lengths.
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Figure 12: Example of mapping of 3-dimensional surface.

5.4 Atomic forces microscopy (AFM)

The Atomic forces microscopy (AFM) is a branch of Scanning probe microscopy (SPM)
group and now is used for imaging of surfaces of various materials. Its official history starts
in 1986 when Binnig, Quate and Gerber published®® their progress to measure small forces
and introduced it as a new method for detection of atomic scale features!®.

The AFM is based on the surface probing with special, very fine and sharp tip, generally
made of silicon or silicon nitride and located on the end of a thin, flexible cantilever. The
interaction between the tip and the investigated sample is influenced by surface topography
and other forces (adhesion, magnetic domain orientation, domain polarity,...). The position of
a laser beam reflected on the cantilever is detected with photodiode position-sensitive
detector and transferred to an electronic device for processing. The general schema of AFM
scanning is in the Figure 13.

The scanning is running over the sample on a grid system so that this configuration
enables getting a 3D view of the surface properties. In good conditions and samples it is
possible to obtain an atomic resolution of the scan: in the x — y plane a range of about 0.1 —

1.0 nm and in the z direction about 0.01 nm!®°.
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Figure 13: AFM block schema.

During the scanning, either the sample or the tip is fixed and the other is moved with a
piezoelectric system. The goal is to hold a balance based on initial conditions and given by
the user. During the scanning the process is under the control of a feedback system which
is, besides of other things, responsible for preventing the tip damage. The established
differences between the set state (the “set point”) and the “effort” to hold it, is recorded and
imaged as the final signal.

As in other methods there exists different adaptations for AFM technique. The two most
used are scanning in a contact mode or in a tapping mode.

The contact mode (CM-AFM) means scanning the surface with a sharp tip which is very
close — in “contact” — to the sample surface, or precisely, with a thin, fluid layer of adsorbed
molecules of gasses and/or vapors on it. The initial set point in this case means selection of
an elevation of the tip over the surface and holding this tip - sample distance with help of
feedback system during the scanning. The recorded signal represents the deflections of the
cantilever given by repulsive or attractive forces between the tip and the probed surface. The
disadvantage of this simple and effective method is fast tip contamination on softer materials
or the surface destruction and easy tip damaging on surfaces with bigger roughness.

The tapping mode (TM-AFM) is a small modification of the above method, where the tip is
held with stable oscillations at the sample surface while scanning. It means that the tip lightly
touches the surface only at the lowest position of every oscillation, which is saving both the
tip and the surface. The recorded signal covers the preserving of stable oscillations and
distance of tip and the sample. In the case of tapping mode we are able to obtain not only
the topography signal, but also the “phase” signal which is generally the superposition of
sum of all interactions like adhesion, polarity, magnetic fields, conductivity etc., so in good
conditions it is possible to “see” material surface distribution into specific domains. The

values for phase signal are given in angle units, and here the phase angle is defined as the
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phase lag of the cantilever oscillation relative to the signal sent to the piezo element driving
the cantilever.
Thanks to the mentioned qualities, in the present time the AFM is often selected as one of

the best methods for investigation of polymer self-organization in thin layers.

Part of the AFM measurements, dealing with block copolymer thin layers vapor-annealing,
were executed in the laboratories of IPF in Dresden. The samples were examined by TM-
AFM using an MFP-3D (Asylum Research) AFM microscope and BS-Tap300-50 tips
(Nanoscience Instruments).

The study of thin layers of ternary polymer blends was done in AFM laboratory of Institute
of Macromolecular Chemistry AS CR. There was used a multimode AFM Nanoscope llla
(Digital Instruments) and OTESPA 7 silicone tips.

The final image processing was in all cases done with the software WSxM ® (Nanotec
Electronica; http://www.nanotec.es).

The substrate was glossy silicon wafer with a silicon-dioxide layer on the top of one side
(ON Semiconductor Czech Republic; 0.4mm, dopant As, orientation <100>). Before using,
wafers was cleaned in hydrogen peroxide — ammonium hydroxide bath by a standard
procedure:

e degrease plates in methylene chloride in ultrasonic bath (3 baths of 15 minutes)

e then cleaning in the “piranha” mixture from water + ammonium hydroxide + hydrogen
peroxide in volume ratio 1:1:1 at 63 °C for 1,5 hours

e washing in millipore water (3x) to remove rests of chemicals

e let through the night in water to obtain an equally hydrated SiO, surface

e wafers were stored in the water bath, but at most for a one week period; after that a

new series of clean plates was prepared

5.5 Other methods

To obtain physical and chemical characteristic of studied samples we also use a few of
temporary methods, like gel permeation chromatography (GPC), nuclear magnetic

resonance (NMR), ellipsometry and differential scanning calorimetry (DSC).
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6 Results

6.1 Polymerization

6.1.1 Anionic polymerization

All used homopolymers and diblock copolymers were synthesized by anionic
polymerization. It is one of the “living polymerization” methods, widely used for precise
preparation of polymer materials and with well developed techniques (see e.g. ['00M1011102){103])

One of the advantages of this anionic polymerization is that the length of the final polymer
chain is easily tuned by the ratio of monomer and initiator amounts. Products synthesized
with this polymerization are also characterized by very narrow chain length distribution, so
for those reasons we choose it for our purposes. On the other side, the reaction is very
sensitive to various impurities as moisture and oxygen, which can “kill” the growing polymer
chains, so all monomers and solvents were carefully purified before using. Various synthesis

steps with the reaction schemes etc. are described hereinafter.

6.1.2 Solvents and polymerization conditions

Before polymerization, the reactor was let overnight in an oven at 120 “C to remove
adsorbed impurities. The assembled polymerization system (glass reactor) was then freed
from oxygen and rest of moisture by evacuation followed with all glass heating to cca 50 °C
and after that a free cooling to room temperature under vacuum. Then argon was filled up to
the evacuated system and flushing with argon (now without the heating) was repeated
three times to obtain clean, inert system.

The polymerization and all required steps were executed under argon atmosphere. The
reaction temperature at all polymerizations was -78 °C. As the cooling agent was used a
mixture of COys, and ethanol.

A solution polymerization was used in all syntheses. As the solvent was used
tetrahydrofuran (THF) (p.a., Lachema) cleaned by refluxing over sodium (Lachema) and
anthracene (Aldrich) complex in argon atmosphere. Freshly distilled solvent was taken for
every reaction. For ali polymerizations a volume of THF necessary for obtainingca 3-5 %
solution of final polymer product was used.

To remove residues of potential contaminants, system was titrated before adding
monomer by diphenylmethylpentyllithium (DFMPLI). This agent has dark red colour which
bleached after reaction with impurities. This change was used to indicate clean state of the
base solvent system in the reactor (THF), where the red colour (from max. 3 drops of
DFMPLI) has to be stable for 5 minutes. DFMPLi was prepared from sBuLi and 1,1-
diphenylethylene (DFE); reaction schema can be seen in Figure 14. To prepare DFMPLI
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solution, we added into an inert flask 40 ml of clean THF, injected 2,3 ml DFE (distilled with
calcium hydride in vacuum — ca 1,5 mm Hg, b.p. 86,5 °C) and cooled to -40 °C. Then we
carefully (an exothermic reaction) dropped 8,6 ml sBuLi (1,29 M solution in cyclohexane,
Fluka) and let the solution overnight in a refrigerator, where it was also stored. Every 2
weeks was prepared a fresh solution. This chemical was — except of titration purposes —
used also as the initiator for the methacrylates polymerization. In calculations of initiator

amounts in synthesis, the content of s-BulLi was taken into account.

®

CHEHCH—L + H,C —  CHLHCHCH—C
I 2 ]
CH, I CH,

Figure 14: Reaction of preparation of diphenyl-methyi-pentyi-lithium agent from s-BuLi and

diphenylethylene.

6.1.3 Monomers

The n-butyl methacrylate monomer was a commercially available chemical. After
purchasing, butyl methacrylate was purified by vacuum-distillation with calcium hydride
(Aldrich), stabilized with Irganox 1010 (Ciba-Geigy) and stored in freezer at -20 °C.

The p-octylstyrene monomer was synthesized in cooperation with prof. Stibor from
VSCHT in Prague. The product was synthesized from n-octylbenzene, which by reaction with
acetylchloride and aluminium chloride gives 4-n-octylacetofenon. This after reduction with
natriumborohydride gives alcohol ethan-1-fenyloctan-1-ol. The last product after dehydration
by heating with KHSO, to 170-220°C, in the presence of antioxidant, finally gives the
required monomer. The monomer synthesized by the described procedure was purified by
distillation. As the last step, p-octylstyrene was recrystalized from ethanol (LACHEMA) at
-70 °C, stabilized with Irganox 1010 and stored in freezer at -20 °C.

distillation details

monomer «cleaner” pressure temperature
[ mm of Hg ] [°C]
n-butyl methacrylate trioctylaluminium 15 ca 90
p-octylstyrene dibutylmagnesium 0,03 ca 150

Table 2: Used monomers details.
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Directly before polymerization, the second cleaning procedure was used. The p-
octylstyrene was distilled in vacuum with dibutylmagnesium (1 M sol. in heptane, Aldrich)
and the butyl methacrylate was cleaned by vacuum distillation with trioctylaluminium (25 wt

% sol. in hexanes, Aldrich). For every 10 ml of monomer was added 1 ml of cleaning agent.

6.1.4 Polymerization of p-octylstyrene (OS)

As initiator for poly(p-octylstyrene) (POS) synthesis was used sec-butyllithium (sBuLi)
solution (1,29 M sol. in cyclohexane, Fluka).

The required amount of s-BuLi was added into the clean reactor with titrated and cooled
solvent and then under vigorous stirring the calculated amount of OS monomer was dripped.
The polymerization ran for 3 hours at the temperature of -78 °C and stirring of reaction
mixture.

After that, the polymerization was terminated by degassed methanol and the system was
heated to room temperature. The solution was then concentrated to ca one quarter of the
original volume and the homopolymer product was isolated by precipitation into methanol
and after isolation dried in vacuum at 45 °C. The product was characterized by GPC to

obtain molecular weight distribution and by DSC to obtain T, value.

= Bu-CHs—CH Li’
Bu- Lj' + (5 e
R

Bu-CH;—CH  Li — Bu-CH;—CH——CH;—CH—+——CH ™

PTG Qg

styrene R=H
p-octylstyrene R = C8H17

Figure 15: Polymerization of styrenes — scheme of initiation and propagation steps.
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6.1.5 Polymerization of n-butyl methacrylate (BM)

In poly(butyl methacrylate) homopolymerization we used as initiator DFMPLi (Figure 14).

The reaction steps were similar to the POS synthesis, with one difference: into clean
reactor with titrated solvent was added solution of tBuOLi (0.5 M solution in pure THF;
synthesized from tert-butyl alcohol p.a., Lachema and lithium 99.9%, Aldrich) as reaction
stabilizer!'®. A five-fold molar amount of tBuOLi relative to BM was used in all synthesis.

The solution was then retitrated and the calculated amount of DFMPLi was added as
initiator. Finally, the required volume of BM monomer was dripped under vigorous stirring.
The polymerization was run for 1,5 hour at continuous stirring, followed by termination by
degassed methanol.

The reaction mixture was then heated to room temperature and evaporated in vacuum to
ca one-third of the original volume. The product was obtained by precipitation to a fifteen-fold
volume of methanol. After drying in vacuum at 45 °C, the products were characterized by

GPC to obtain molecular weight distribution and by DSC to obtain the T, value.

DFMPLI + n+1 - .

methylmethacrylate R = -CH3
butyimethacrylate R = -CH2-CH2-CH2-CH3

Figure 16: Polymerization scheme of methacrylates
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6.1.6 Synthesis of block copolymers

Diblock copolymers were synthesized by sequential copolymerization initiated with sBuLi
in THF solutions.

The required amount of initiator was added into a clean reactor with titrated solution of
tBuOLi and at -78 °C the p-octylstyrene monomer was dripped under vigorous stirring.
Polymerization of p-octylstyrene chains ran for 3 hours at continuous stirring. Then a defined
amount of reaction mixture was taken away and terminated with methanol to have an
information about poly(p-octylstyrene) chain size and distribution. Immediately after that a
calculated amount of butyl methacrylate monomer was slowly dripped (in 5 minutes) into the
reaction system and the copolymerization (while stirring) continued for the next 2 hours.

Then the reaction was terminated with degassed methanol, solution was evaporated in
vacuum to ca one-third of the original volume and precipitated into a fifteen-fold volume of
methanol. To obtain a clean product, precipitation was repeated. The rest of the “killed” p-
octylstyrene homopolymer present in the final product was removed by a new precipitation
into specific solvent - acetone (LACHEMA) that does not dissolve pure POS homopolymer.

The final products — the copolymer and homopolymer collected after the first reaction
part - were characterized by GPC and NMR.

>
\

s-Buli  + R—f—CH>CH—Li

»>  R1—f-CH=CH——F—CHs

R sec-buthyl-
R1 styrene groups

R2 methacrylate groups

Figure 17: Scheme of preparation of diblock copolymers.
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product code

0S-3
0S-5
BSA
B8
oB2B
OB3
0OB5S

total polymer

M

12325
23370
35596

My

9834
22490
29678

octylstyrene

Mw My
2831 2587
7898 7227
5455 4984
11598 11142
21867 20561

butyl methacrylate

M.,

3735
8689
6870
11772
13729

My

2634
6901
4855
11348
9117

Table 3: Details of synthesized homopolymers and block copolymers.
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total
polydisp.
1,09
1,09
1,42
1,26
1,25
1,04
1,19

octylstyrene
content
(w/w)

443
49,6
61,4



6.2 Measurement of block copolymers ODT

An important characteristic of diblock copolymers is their order-disorder transition
temperature (ODT), from which it is possible to obtain the Flory-Huggins interaction
parameter y of the pair of blocks. Generally we can say that if y of the components in the
studied system is negative, their mixing is possible (this may be the caused e.g. by hydrogen
bonding), if y is positive, the interaction between different segments is repulsive, the system
is not compatible and phase separation appears in some temperature range. In most
applications the y is determined experimentally and in symmetric diblock copolymer systems
we can use the prediction ¥N = 10.5 valid at the ODT. If ¥N < 10.5, the system is

homogeneously mixed, if yN > 10.5, the system is phase separated.

To determine the ODT of block copolymers we used a simple home-made equipment
based on changing of plane of polarized light (50 mW He-Ne laser, Spectra Physics 125A),
which passed through the studied system (see Figure 18). The sample in a flat cuvette
(thickness from 0.2 mm to 0.5 mm) was placed between crossed polarizers and its
temperature was slowly changed (generally by 1 °C per 1 minute). The ordered sample is
birefringent and, therefore, the originally “zero transparency” of the optical systems changes
and light starts go through it. The transmitted intensity /; is then detected by a photodiode

detector.

laser source polariser sample polariser photodiode
detector

Figure 18: Schema of equipment for ODT measurement.

The example of a general result of usually obtained data is shown in Figure 19 (diblock
copolymer of polydimethylsiloxane (PDMS) and poly(ethylenepropylene) (PEP). PDMS-b-
PEP, M, = 6300, frep = 0.48; a comparative sample of ODT measurements in our laboratory).

To obtain the ODT temperature of OB system we performed experiments with OB2B and
OB3 products in temperature ranges up to 180 °C, which was the upper limit for our

experimental arrangement. However, this method appears unusable for our samples - the
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characteristic change of intensity of transmitted light was not observed and the resultant

required ODT temperature was not obtained.
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Figure 19: Demonstration of ODT measurement results for PDMS-b-PEP (M, = 6300, foep = 0.48)

diblock copolymer; 0,2 mm flat cell.

The “obtained” results (see Figure 20) look a little unexplainable at beginning, because a
material property!'® of OB copolymers components, compared to the PDMS-PEP etalon

sample, are more-less acceptable, as is shown in Table 4.
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Figure 20: Example of results from ODT measurement of OB3 sample; 0,5 mm flat cell.
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Also from the TEM examination of our OB samples we have confirmed, that there exists
strong, lamellar orientation of presented domains (see Figure 25). However, e.g. according
to the publications!'0! [1061- 11071 1081 the internal structure of the organized block copolymers
consists of irregularly shaped birefringent “grains”, with randomly oriented optic axes and
the light beam then propagate through a large number of randomly oriented regions. In the
cases that the average grains size is small compared to the uses wavelength, the sample

demonstrate optical anisotropy and no light polarization occurs - which was also cbserved in

our case.
polymer POS PBuMA PDMS PEP
refractive index n 1,517 1,475 1,39 1,47
ref. ind. difference 4n 0,04 0,08

Table 4: Refractive indexes n of homopolymers used at ODT measurement. The difference of ref.
indexes was calculated according to the equation 4n =| n,; — n, | where n, represents refractive index of

relevant polymer.
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6.3 Compatibility study of homopolymers

Blending polymers is a commonly used method to prepare final materials with suitable
physical and chemical properties, thanks to selecting a combination of various components.

The real systems are however generally miscible only when for the Gibbs energy of
mixing (AGn) we have AGw < 0. The mixing of polymer materials is usually described by the

well-known Flory-Huggins equation
AG\/:RT’”11n¢1+”3ln¢:+”1¢lezi (6.1)

where n; is the number of moles of component i; @ is the volume fraction of components; R
is the gas constant; T is the absolute temperature and y is the interaction parameter of

components 1 (generally the solvent) and 2 (generally solute), which can be described as:

X:M 6.2)

RT

where &, are the Hildebrand solubility parameters and v; is molar volume of the component 1.

Although there exist some homopolymer systems which are mutually compatible and
miscible in a wide range of conditions (e.g. polystyrene and poly(phenylene oxide) or
poly(ethylene terephthalate) and poly(butylene terephthalate)), most polymers don't mix so
easily and phase separate into the individual components. The example of ideal phase
diagram for a binary mixture of homopolymers (at critical conditions) is presented at Figure
21.
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Figure 21: Phase diagram for a binary blend of symmetric homopolymers. DIS:disordered,
homogeneous system: 2@: region of coexistence of two separated phases; ®;. volume fraction of

component 1, N: degree of polymerization, y: interaction parameter.

It can be seen that in a binary blend of two symmetric homopolymers at composition
@, = @, and the critical temperature, we have y = 2/N. Because the interaction parameter is
an important value to characterize a given homopolymer system, we tried to determine it by
observing the phase interface in the critical binary mixture. For this purpose we first prepared

a critical mixture of low-molecular weight homopolymers POS and PBuUMA, calculated using

the equation!'%!

- (6.3)

To do this, a required amount of homopolymer mixture (OS-3 and B-5A) was collected in
glass cuvette (5 mm i.d.) by sequential evaporation of mixture solution (5% w/w) in
chloroform. The obtained blend was dried in vacuum oven at 70 °C for 24 hour to remove
the rest of solvents and the cuvette was after that sealed in vacuum.

After preparation, the system was separated into two distinctly bound layers. To observe
created phase interface behavior, the cuvette was placed in a thermostatted bath and during

temperature changes was observed by CCD camera.
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An example of result image is showed at Figure 22, where is visible that components
incompatibility is very strong and even at high temperature (more than 180 °C) the system is
still phase separated. Basely on this fact we can conclude, that for OS/PBuMA blend system

the critical temperature is higher than 180 °C and the y value is not obtainable at conditions

standardly used in our experiments.

Figure 22: Example of image from phase behavior experiments (temperature 183.5 °C) .

Phase interface (marked with red arrow) is still unchanged and visually observable.
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6.4 Structure of diblock copolymers

After molecular weight and structure characterization with NMR, we explored natural bulk
structure of the synthesized diblock copolymers with help of SAXS (small angle X-ray
scattering) and TEM (transmission electron microscopy). For these purposes, the block
copolymer samples were thermo-annealed in a vacuum oven for 6 hours at 160 °C. After
that, natural slow cooling to room temperature was applied. For examination were chosen
samples OB3 and OB5 as representatives of two block copolymers with various components

ratio (ca 50% of octylstyrene for OB3 and ca 61% of octylstyrene for OBS5).

6.4.1 Small angle X-ray scattering results

Scattering curves from measured data are showed in Figure 23 and the corresponding
maxima positions are listed in Table 5.

The results for OBS are clear and the SAXS spectrum indicates the presence of a
lamellar phase, even when the sample composition is at the border between lamellar and
hexagonal structure, as can be seen in the theoretical phase diagram in Figure 24. The
borderline between these two phases is in the vicinty of f = 0.35 which is very close to the
composition of OBS5.

The same structural result appears for the OB3 sample, where only the first and third
maxima are observable. Since OB3 is almost perfectly symmetric polymer (f = 0.5), this
result is in good agreement with weak segregation limit theory!''” according to which a
nearly symmetric, square-well electron density profile would lead to a negligible second-

order intensity!"®".

Using the standard equation for lamellar systems to calculate the d spacing of structure
d=2mlg with scattering vector g defined as ¢=(47m/A)sin(0/2) where 6 is the
scattering angle, we can obtain a spacing d = 15 nm for OB3 sample and d = 19 nm for OB5

sample.
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Figure 23: SAXS measurement of OB3 and OB5 samples. In the images are also demonstrated
relative positions of found maxima (see also Table 5).

sample / maximum 1. 2, 3. 4,
0B3 0,42 - 1,26 -
OB5 0,33 0,64 0,97 1,29

Table 5: SAXS measurement details — numbers at the table head row identify the maxima (relative
intensities position given by the ratio: q./qo)from Figure 23. Values in the table body are scattering

vector g positions in [ nm™].
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Figure 24: Example of mean-field phase diagram for conformationally symmetric diblock melts.
Phase are labeled - L (lamellar), H (hexagonal cylinders), Qiasq (bicontinuous la3d cubic), Quasm (bcC
spheres), CPS (close-packed spheres), and DIS (disordered). Dashed lines denote extrapolated
phase boundaries, and the dot denotes the mean-field critical point. Adopted from [110].

6.4.2 Transmission electron microscopy results

Slices were cut from the bulk block copolymer samples, prepared as above, and after
staining with RuO, they were observed by the TEM method. Image processing of TEM
photographs was performed using the ImagedJ software (http://rsb.info.nih.gov/ij).

The results are shown in Figure 25, where images a) and b) are obtained from OB3
copolymer and images c) and d) are obtained from OB5 copolymer sample. On the basis of
previous experiments with RuQ, staining®!, the black (contrasted) lamellae belong to
octylstyrene whereas methacrylates generally remain unstained.

In both OB3 and OB5 samples TEM scanning confirmed lamellar structure supposed from
the SAXS method. From these images it is possible (using the above mentioned software) to
obtain a lamellar spacing of examined structure, which is ca 17 nm for sample OB3 and ca
22 nm for sample OBS5. This sizes also correspond well with the SAXS results.

Moreover, thanks to different homopolymers contrast after staining, it is possible to try to
measure the sublamellar ratio of different segments in block copolymers. Because of not
sharp-edged interface between the segments and the sample deformation at cutting, the

measurement can not be considered as exact, but is still valuable. For the OB3 sample then
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we can conclude to stained / unstained length ratio to 8.9 nm / 7.9 nm, which gives
octylstyrene volume content as ca 53 %, which is in good agreement with synthesis results
of ca 50%. For the OB5 sample, the stained / unstained ratio is ca 14.9 nm / 8.7 nm, which
gives octylstyrene volume content in lamellae ca 63 %. Compared to synthesis result

(61.4 %) we can also see the good correspondence of these results.

The well-developed lamellar structure in OB3 and OB5 samples, cbserved both in SAXS
and TEM experiments, confirms the strong incompatibility of homopolymers connected into
one diblock macromolecule. This immiscibility was also observed in preliminary experiments
with OS / BUMA homopolymers binary mixture, where at ca 200 °C the system was still
phase separated into two layers. This behavior can also provide usability of the OB system
in applications, where the combination of two stable materials with relatively low T4 can bring

advantageous properties.

Figure 25: TEM images of thermo-annealed OB-diblock copolymers. a), b) — OB3 sample; ¢), d) -
OB5 sample
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6.5 Thin layers behaviour

The physical behavior of a polymer system often differs in bulk and in thin layers. The
typical self-organization in a block copolymer is caused by a balance between compatibility
and miscibility of the homopolymer blocks and the connectivity imposed by covalent bonds.
This leads to a grouping of long chains followed by phase separation of the mixtures to
qualitatively specific domains, the size of which is limited by the block lengths. This self-
assembly can be easily controlled by the synthesis parameters. However, because of
considerable influence of interface interaction with supporting material and the surrounding
medium (often with air), the behavior in the thin layer can be completely different. Typically,
the polymeric component with the lower surface energy will be preferentially accumulated at
the surface and the component with the lowest interfacial energy will be situated at the
substrate side!''"). Besides, all this can be further modified by other, additional forces or by
the history of the thin layers preparation.

Thin layers are currently subject of intensive research, because they have a great
potential for various applications, e.g. to target membranes preparation, to produce nanodots
and nanowires!''41'"3l for nanoscience, to form a precision layer!'"*{"'31"¢ or matrix for
organic synthesis or to make selective molecular sensors for analytical applications!!'”{'8],

The scientists in this field have at their disposal a wide range of choices at present time.
The simplest way to structural changes is given by different ratio of block chain lengths!''®,
which, as was mentioned earlier, can be fully controlled by the synthesis. Typical surface
patterns of block copolymer formation can be greatly affected also by other effects. An
external electric field!'* can be applied to the layer, we can use modification by various
solvents!"?") or we can control the speed of solvent evaporation!'??! during the sample
preparation. Also a combination of various techniques can be used to obtain the required
organization!'#®,

The system can be additionally delicately modified, e.g. by prewetting the substrate
surface with solvents of different polarity!'*, by covering the substrate with a defined
polymer material!'"""¢11231 by addition of a special chemical compound to the sample!20'2e]
and/or by exposure to various solvent vapors!*?’.

The last mentioned way is very interesting because in a simple manner and with low
additional costs, it is possible to highlight or reversibly change existing surface patterns!?°.
The behavior of polymers takes into account the “specificity” of the solvent to different
monomer units in the polymer chain, so the final swelling ratio can induce unexpected
structural shapes by structure deformation.

For these reasons, we made a decision to investigate thin layers of OB copolymer after

vapor-annealing in different solvents — chloroform, THF, 1 4-dioxane, acetone and hexane.
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The OB5 copolymer was chosen for these experiments; because of its small asymmetry —
compared to OB3 — we presumed a richer variability in possible conformations.

Wafers prepared by a standard procedure (described in Chapter 5.4) were dried in micro-
filtered air flow and immediately used to be coated with toluene solution of OB5
(concentration ca 1% wlv; filtered through Teflon filter 0.45 um) by dip casting, to obtain a
layer of thickness about 45 nm. The layer thickness was controlled with a microfocus
ellipsometer SE-402 (Sentech Instruments GmbH) with a 632.8 nm laser at an incident angle
of 70°. Original values for freshly prepared polymer layers (before vapor annealing in

solvents) are listed in Table 6.

Solvent chloroform dioxane THF acetone hexane
to be used
Thickness 47 47 45 49 50
[nm]

Table 6: Thickness of cast copolymer layers before vapor-annealing in solvent.

All samples were vapor-annealed in a small Petri dish divided into four sectors, where two
opposite sections were filled with 2 ml of the tested solvent. A sample was placed in one of
the remaining sectors. During annealing the dish was covered with a lid. A majority of
interaction parameters that would describe the quality of the solvents for individual
homopolymers are not known, so simple solubility tests at room temperature have been

conducted with all polymer-solvent combinations: they are summarized in Table 7.

polymer / solvent chloroform dioxane THF acetone hexane
poly(p-octylstyrene) G BP G N BP
poly(butyl methacrylate) G G G G BP

Table 7: Homopolymer-solvent solubility. G: good solvent; N: not soluble; B: poor solvent (but slowly
dissolving low molecular-weight fractions of homopolymer); P: precipitates at higher concentration or
lower temperature. Results are from solubility experiments with ca 3% (w/v) polymer concentration.

Room temperature was used as standard and cooling to 3 °C for comparison.

The annealing time was visually checked by layer color changing to blue; the total
annealing time used was twice that needed for the first appearance of the blue color. This
coloration — according to ellipsometry experiments — corresponded to the swollen thickness
of ca 90 nm. According to previous experience, a long exposition (hours) to solvent vapor
generally destroys the layers, that were removed by condensed drops, so we did not use a
long-time exposition as was done for poly(styrene-b-methyl methacrylate)!'#’. The annealing

time details are described in Table 8.
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After vapor-annealing, samples were examined by TM-AFM. For all samples at least three
scans were taken to cover different parts of structure formation levels: 1 ym, 5 ym and
25 um scans. Other sizes were chosen according to actual results. Hereinafter is listed
selection of the AFM imaging. The comparison scans of non-annealed samples were smooth

both in phase and topography and therefore are not listed in this review.

Vapor-annealing time [ min ]
CHCI; dioxane THF acetone hexane
4 4 3 18 35

Table 8: Annealing time details of studied copolymer thin layers.

6.5.1 Atomic forces microscopy results

Chioroform vapors

According to the previous experiments (Table 7), chloroform is a good solvent for both
blocks. Therefore a non-specific swelling and interaction with corresponding homopolymers
is expected in this system.

The AFM imaging confirms these assumptions, and on the presented scans (Figure 26)
only non-regular patterning on small scales (images a and b) can be observed. The phase
image of 1 gy scan shows also sharp phase interfaces, which is in agreement with mutual
blocks incompatibility. Because of chains non-specific swelling, together with good polymer
solubility and the chloroform evaporation, the sample did not form a regular microstructure.
At larger scales (images ¢ and d) a global surface undulation is observed, which can be
caused by a tendency to system spinodal decomposition. However, because we have a pure

block copolymer system, a phase separation at a bigger scale cannot be observed.

Figure 26: Annealing in chloroform vapors, a) scan 1 x 1 um, topography, Z scale 6.3 nm, b) phase of
a), Z scale 32°; c¢) scan 20 x 20 um, topography, Z scale 45 nm, d) phase of ¢), Z scale 73 °
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THF vapors
The behavior of THF/OB system (Figure 27) is similar to the CHCI:/OB one. At higher

scale scans (images a and b), the surface looks unorganized and relatively smooth in phase.
At smaller scale scans (images ¢ and d), some irregular organization appears. In the case of
THF vapors, at 1 ym scans a hole-like structure can be observed both in topography and
phase. Because of correspondence of these two images and because we cannot find a sub-
organization in smaller scans, we suppose that regular hole structures with diameter around
100 nm, can be residual features from evaporation of solvent. The presence of a
perpendicularly-arranged cylindrical phase is not considered, because the diameter size of
observed formations is too big relatively to the molecular weight of the used diblock

copolymer.

b)

Figure 27: Annealing in tetrahydrofurane vapors, a) scan 5 x 5 um, topography, Z scale 49 nm, b)
phase of a), Z scale 45 ° ; ¢) scan 1 x 1 um, topography, Z scale 8 nm, d) phase of c¢), Z scale 28 °

1.4-dioxane vapors

Dioxane is a specific-solvent for PBUMA because it precipitate POS chains. According to
this a micellar-like formation in solutions is assumed and influence of this association is
expected also on thin layers, because swelling of PBUMA chains will be more distinct then
POS chains. However, according to our results, the influence of dioxane solvent vapors on
thin layers had a destructive effect, which can be observed on AFM scans on Figure 28.
Here on the topography images (a and c) we observe a massive undulation and other
deformations of the surface, while the phase structure (images b and d) remains smooth,
without a distinct segregation. This can be caused by the fact that the dioxane — although
moderately specific for one of the block copolymer chains — is still not enough specific to
cause stronger and then sufficient formations. Another explanation can be a parallel

organization of potential structures relative to the substrate sheet.
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Figure 28: Annealing in 1,4-dioxane vapors, a) scan 5 x 5 um, topography, Z scale 69 nm, b) phase of

W,

a), Z scale 37°; c¢) scan 25 x 25 um. topography, Z scale 88 nm, d) phase of ¢), Z scale 68 °

Hexane vapors

Influence of n-hexane vapors is — compared to the previous results — completely different
(Figure 29). Some topography morphology is observable, however the corresponding phase
separation is very strong, as can be seen on the 1 um scan result (picture 29d). There is
visible a lamellar arrangement of block copolymers, laying perpendicularly to the surface (or

substrate). The lamellae are well-developed with clear phases interface.

Figure 29: Annealing in n-hexane vapors, a) scan 5 x 5 um, topography, Z scale 18 nm, b) phase of
a), Z scale 21.5° ; ¢) scan 1 x 1 um, topography, Z scale 7 nm, d) phase of ¢), Z scale 45 °

A cross-section through the phase image is shown in Figure 30. From this graph we can
measure the lamellae thickness, which give average size for white / coloured lamellae ca
11.5nm /16 nm, i.e. ca 27.5 nm for the average lamellar spacing. This is more than the size
observed by the SAXS (19 nm) or TEM (22 nm), however because the sample preparation is

completely different and a thin layer is observed by AFM, we can accept these results.
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Figure 30: Hexane annealing OB5 thin layer sample, sectional view from the phase image (details on
Figure 29d); a white line on image (a) indicates the presented cut path displayed on the graph at

image (b).

Acetone vapors
Acetone vapors had similar influence on OB system as hexane, however the formations

organization is oriented in different direction — parallel to the silicone wafer surface (Figure
31). At small scans the sample does not form a nanometer-scaled structure, but at large

scans we can see a kind of lamellar organization. In this case, the surface deformation

caused by the solvent vapors is exhibited as crater-like formations or better, terrace

formation.

b)

Figure 31: Annealing in acetone vapors, a) scan 50 x 50 ym,
topography, Z scale 153 nm, b) phase of a), Z scale 349 °

The cross-section of the scan is displayed at image Figure 32. There we can distinctly
see that the polymer thin layer is structured into two parallel sublayers. The cracks, caused

probably by different swelling ratio of blocks, goes through them and reveals that the final

structure after vapor annealing is regularly organized into two levels.
The fact that the phase signal in this and previous cases is often smooth without a phase

interface, is probably due to the fact that in systems of diblock copolymers, where the one
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chain has a very low T, and the other has a T, above the room temperature, the polymer/air
interface is usually covered with the softer material. This effect was observed and described
also in poly(isoprene)-b-poly(styrene) diblock copolymer thin layers!'?®! and leads to reduction

of interface tension at the polymer/polymer interface.

Tnm

Nyl

Figure 32: Acetone annealing of OBS5 thin layer sample, sectional view from the topography image
(details on Figure 31a), a white line on image (a) indicates the cut path displayed on image (b).

From the obtained images it is clearly visible that using vapors of various solvents it is
possible to obtain a different organization of the originally identical layers of OB diblock
copolymer. This can be seen mainly when comparing of the influence of hexane and
acetone, where we have obtained lamellar organization. However, in the first case the
orientation of lamellae with respect to the silicone substrate was perpendicular, while in the
second case it was parallel. Using the other solvents like THF or chloroform had not a so
strong self-assembly effect.

From all the results we may conclude that to obtain a structured surface of diblock
copolymer it is suitable to use a solvent which can selectively dissolve one of the block, as

was already shown in previous experiments!',
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6.6 Ternary polymer blends in thin layer

We have examined structure formation of ternary blends of a symmetric block copolymer
(A-b-B) and two corresponding homopolymers (A and B) in thin layers.

For these systems there exists a characteristic composition of the polymers called a
Lifshitz point (LP), where the blends form a bicontinuous microemulsion (BME). Adding of
the different content of the diblock copolymer to the same binary mixture of homopolymers
the system undergoes either a macrophase separation or an organization into a lamellar

phase (see Figure 5 and Figure 6).

For these experiments we used OB3 as the diblock and OS-3 and B5A as the
homopolymers with values (calculated using equations (4.2) - (4.3)):

reference sample: 58.6 % POS + 41.4% PBuUMA

LP mixture: 3.89 % of OB3 and 96.11 % of reference sample

To cover thin layer behavior in all regimes, we have prepared three ternary mixtures
corresponding to composition (see Table 9):
1. atLP
2. above the LP
3. below the LP

sample calculation [ mg ] real composition [ mg ]
name block POS PBuUMA  block [ %] block POS PBuMA  block [ % ]
copolymer copolymer
LOB5-1 1.9 28.2 19.9 3.9 1.9 28.2 19.2 33,44
LOBS5-2 45 26.7 18.9 9 4.2 26.9 19.8 33,21
LOB5-3 0.5 29 20.5 1 0.7 33.3 20.3 0

Table 9: Details of composition of samples used for the BME examination on the thin layers.

The mixtures were dissolved in 1 ml of toluene filtered through 0.2 um PTFE filter to
obtain ca 5 % solution. This solutions were spin-coated (40 ul of sample, speed 2000 rpm,
ramp 10000, time 60 s) onto polished silicone wafers, prepared by standard procedures
described in the section dealing with vapor-annealing.

Immediately after preparation we checked the samples with AFM. All layers were smooth
without a surface structure, so we have applied a thermo-annealing procedure to obtain
phase separated systems using followed conditions:

e heating of covered wafers in vacuum oven to 150 °C
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e keep for 30 minutes at this temperature

e switch-off the heating and let the system cool down to the room temperature (still in
vacuum)

The thermo-annealed samples were again examined using AFM and the obtained results
are presented hereinafter.

6.6.1 LP system

The LP system shows distinct structural behavior, where the internal microemulsion
arrangement probably protrudes on the top of the surface and exhibits a hill-like or shark's-
teeth-like structure formation (Figure 33). From these scans we have obtained lateral
dimensions of “teeth” of ca 190 nm (measured in the middle of formed cone) with
corresponding height of ca 800 nm.

According to our opinion, this formation is clearly visible thanks to extremely low T of first
homopolymer — poly(p-octylstyrene) — presented in the system. OS flows-down at higher
temperature and thus reveals the internal structure which is commonly hidden in bulk
material. This — hard — structure is probably formed by the stabilized poly(butyl methacrylate)
chains present both in the second homopolymer and block copolymer.

We are aware that the system behavior in thin layer after thermal annealing is different
from the bulk behavior observable e.g. in Figure 7, but up to now we didn't find similar work
dealing with A-b-B/A/B BME system to compare the results. The developed teeth-like
structure can be on the other side extremely useful for the nanotechnology templating,
because it shows that it is possible to obtain regular structures potentially fillable or
coverable with third-party materials, e.g. with metals. Thanks to this we could potentially

produce nano- or micro- particles required in other fields of technology.
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Figure 33: AFM results of LP (LOB5-1) sample in thin layer. Thermo-annealed sample. (a)
10 um scan, topography, Z = 1 um, (b) 3D view of the image (a). (c) a topography profile along

the white line in the (a) image.

6.6.2 Systems with higher concentration of diblock copolymer

All samples with higher concentration of OB3 were smooth under the AFM (Figure 34),
without a noticeable surface pattern. It is probably caused by the fact, that according to the
phase diagram, the systems with higher concentration of diblock copolymers form lamellae,
which may be generally oriented in parallel or perpendicularly to the substrate surface.

In the case of parallel organization, the surface is smooth as was also observed in the

experiments dealing with vapor annealing of block copolymers.
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Also a presence of distinct content of POS in the system can, thanks to its flow, cause a
kind of leveling of the top of the surface. This effect will probably play an important role in the

case of flatter surface formations.

Figure 34: AFM image of LOB5-2 sample, topography, 10 um scan, Z =5 nm.

6.6.3 Systems with lower concentration of diblock copolymer

In the case of low concentration of diblock in the ternary system, the mixture is unstable
and macroscopically separates into two or three phases.

The AFM image in Figure 33 shows a beginning of spinodal decomposition of the thin
layer blend into domains rich in either first or second homopolymer.

As in the case of LP system, the observable low-level regions in topography structure are
probably caused by the presence of the mobile POS homopolymer with low Tg, surrounding
the harder PBuMA material.
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Figure 35: AFM image of LOB5-3 sample, topography, 20 um scan, Z
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6.7 Diblock copolymers solutions in binary mixtures of partially

miscible solvents

Block copolymers show a characteristic behavior in different solvents that depends on the
thermodynamic interaction between the respective homopolymer chains and the solvent

used.

Because of high incompatibility of PBUMA / POS homopolymers, we found interesting to
examine the OB diblock copolymer behavior in the binary mixture of partially miscible
solvents, namely dimethylformamide (DMF) and n-heptane (C7). (To simplify terminology, in
further text we will describe this DMF/C7 system as the mixture of two incompatible
solvents.)

The behavior of the mixture of these two solvents is described by the phase diagram!'*%
shown in the Figure 37; the system shows a critical temperature of Tc = 75.3 °C with DMF
critical weight fraction we = 0.35. Below the coexistence curve two phase-separated regions
coexist — an equilibrium of heptane-rich liquid phase with a DMF-rich liquid phase.

In the system, C7 is a preferred solvent for POS homopolymer and is a theta solvent for
PBUMA with a 6 temperature of ca 65 °C (approximated from!'*"! as shown in Figure 36). This
value is close to the previously published!'*? § temperature for C7 / poly(tert-butyl
methacrylate) system with 6 = 64 °C, so according to our opinion it can be accepted. The

other solvent, DMF dissolves PBuMA and precipitates POS.
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Figure 36: Theta temperature for PBuMA in n-alkanes. Constructed from experimental data
from ref. [131]

The scheme of the interface structure of a microphase separated solution of OB block in

the binary mixture is shown in Figure 38. This scheme refers to local arrangement, on long
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distances the interface may be curved to produce, e.g., a cubic or hexagonal morphology.
Experiments were performed with both OB3 and OB5 products, to compare symmetrical and
asymmetrical copolymer behavior. For this, solutions with different content of DMF and/or
OB were prepared, to study effects of different block copolymer concentrations and effects
of different binary solvent compositions.

To prepare polymer solutions, we evaporated in vacuum small amounts of filtered
(Millipore PTFE microfilter; 0.45 um) block copolymers solutions in cyclopentane (1% w/w)
into a clean, dust-free cell. The operation was repeated until the desired amount of the
copolymer was accumulated in the cell. The concentration used was ca 1/5 of c*, the
crossover concentration, calculated as c* = 3M/41TNAR,® , where M is the polymer molar
mass, Na the Avogadro number and R, the radius of gyration; for Ry the calculation was for
simplification approximated to be that for polystyrene chains with the same My dissolved in
toluene, using the equation for R, = 0.0145M,° %% from!"*3): with these assumptions we
obtain for OB3 theoretical values Ry = 5 nm, c* = 7.4% and for OB5 values Ry = 6.4 nm,

c* = 5.4%. Appropriate amounts of filtered selective solvents were weighed in, and the cells
were flame-sealed. After that, the mixtures were homogenized at 80 °C to obtain

transparent solutions.
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Figure 37: Phase diagram of the binary mixture of solvents heptane (C7) and dimethylformamide

(DMF), constructed from experimental data from [130].

The samples prepared as above were after homogenization examined by DLS to study
temperature and angle dependence of relaxation times of the dynamic processes in these
systems. A selected series of samples was also prepared to investigate possible structures

in the system by the SAXS method.
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Figure 38: Scheme of microphase separated structure of OB block copolymer in heptane-rich phase
(labeled as C7) and dimethylformamide-rich phase (labeled as DMF) in binary solvents mixture
(composition with 10% v/v fraction of DMF). POS blocks form a brush in C7, PBuMA chains form a
brush in DMF.

6.7.1 Viscosity of binary solvent

The temperature dependence of viscosity of DMF/C7 binary mixture was experimentally
determined by cooperation with Ing. Jifi Horsky, CSc.

A series of solvent mixtures was prepared, and the temperature dependence of viscosity
was measured using an Ubbelohde viscometer. The dependence of viscosity on mixture

composition was for every experimental temperature described by the equation

n.=x, r’u+( I _xu) nh+/\'<,( 1 _xu)( ‘4+B( 2X(/_1)) (64)

where #, is the viscosity of the mixture with molar fraction x, of solvent a, 5. is the
viscosity of pure solvent a (DMF) and », is the viscosity of pure solvent b (C7). A and B are

experimental constants. Results of the calibration are shown in Table 10.

T[°C] nowe [P 1 ner [P ] A B
50 0.61 0.303 -0.1183 0.184
60 0.563 0.276 0.1116 0.1457
70 0.506 0.254 0.0004 0.2611

Table 10: Experimental results for the viscosity of DMF/C7 mixture.
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Using the calibration data and the equation 6.4, viscosity values for a mixture with given

composition were calculated, and in next step treated with the Arrhenius equation

In(n)=u+ (6.5)

h
T
where j is the viscosity, a and b constants and T is the absolute temperature. This equation
was after linearisation to the form y = a + cx with y = In(y) and x =1/T solved to obtain

coefficients the a and c, and the required viscosity at given temperature and composition
was calculated.

The values obtained as described above were used to determine the correct correlation
length (the hydrodynamic radius) of fluctuations or size of particles from DLS

measurements.
The molar and weight fractions of components of the binary mixture for equation 6.4 were

converted as needed using the relationships

.= w, .M, 6.6)
Cow (M, —-M )+ M,
and
x, M,
w,= 6.7)
Mh_ .\",( Aw;,_ ,‘M“)

where the indexes a and b identify the components, x is the respective component molar

fraction, w the weight fraction and M the component molecular weight.
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6.7.2 DLS results

6.7.2.1 Poly(p-octylstyrene)-b-poly(butyl methacrylate) copolymer in heptane

We have investigated the temperature dependence of DLS curves from OB3 and OB5
solutions in pure heptane, to obtain a description of block copolymer chains or micelles in
the solvent that is used as a majority component in the binary mixtures used in further
experiments. For these purposes samples of OB3 and OB5 solutions with w/w concentration
of 1% were prepared and measured as a function of temperature. Details of the samples are
described in Table 11. The prepared solutions were left overnight at 80 °C to allow

homogenization and after that filtered with 0.45 um PTFE microfilter and measured.
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Figure 39: 3D maps of temperature dependence of relaxation time for samples OB3-H1 (image a) and
OBS-H1 (image b). In this and all similar figures below, horizontal axis is temperature, vertical axis is
relaxation time.
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The results of recalculation of obtained relaxation times (Figure 39) to hydrodynamic radii
are shown in Figure 40. From presented images it is clearly seen that in both samples only

one dynamic mode is present.

sample name polymer conc.[ % ]
OB3-H1 1.0
OB5-H1 1.0

Table 11: OB3 and OB5 block copolymer solutions in n-heptane.
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Figure 40: 3D maps of temperature dependence of hydrodynamic radius for samples OB3-H1 (image
a) and OB5-H1 (image b). In this and all similar figures below, horizontal axis is temperature, vertical

axis is hydrodynamic radius (or correlation length).

The R, values of ca 4 - 5 nm obtained in the experiments are in good relation with

theoretical values calculated according ref.['*® which gives for polystyrene molecules of the
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same molecular weights as that of OB3 and OB5 a radius of 5 nm and 6.4 nm in toluene
solutions and 4.4 nm and 5.5 nm in cyclohexane solutions.
According to the sizes obtained from DLS, the only dynamic mode present in the heptane

solutions of OB3 and OB5 can be assigned to the molecularly dissolved copolymer chains.
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Figure 41: Extracted data and the corresponding linear fits of OB3 and OB5

solutions in n-heptane.

The detailed view of the measured R, values is shown in Figure 41. The observed change
of R, at ca 60 °C on both curves in Figure 41 is similar to the globule-to-coil transition of
dissolved macromolecular chains near 6 conditions!'*#31038 byt unlike in that case R
grows again after the transition. Therefore we suggest a conformational transition in PBuMA
chains as an explanation of the measured effect!'*"11'*] To check the observed behavior
more in detail we performed a series of measurements of the individual homopolymers in

various solvents as described later in this chapter.

6.7.2.2 Poly(p-octylstyrene)-b-poly(butyl methacrylate) copolymer in DMF

To check the dynamic behavior of OB diblock system in the second solvent we
investigated DLS of 0.5 % solutions of OB3 and OB5 (for samples details see Table 12). As
for all measured samples, the OB-DMF solutions were placed overnight at 80 °C to ensure
full dissolution, then filtered with 0.45 um PTFE microfilter, let stabilize and finally measured.
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sample name polymer conc. [ % ]
0OB3-D1 0.6
OB5-D1 0.7

Table 12: OB3 and OB5 block copolymer solutions in DMF.

In both cases only one dynamic mode was observed. The summary of obtained results,
displayed as 3D map of temperature dependence for R, are shown in Figure 42, where the

situation is clearly represented.
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Figure 42: 3D map of hydrodynamic radius of OB3 and OB5 polymer solutions in DMF.

The temperature dependence of Ry, displayed in Figure 43, shows a distinct difference
between the OB3 and OB5 polymer behavior, which can be assigned to the various content
of octylstyrene in the block copolymer and to the fact, that DMF is a strong precipitant of
POS.
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Figure 43: Temperature dependence of R, for OB3 and OBS5 solutions in DMF. The

straight lines are linear fits to the data.

In these solutions the size of the objects is much bigger (about 5 to 7 times) than in
heptane where the polymers are molecularly dissolved (R, about 4 nm). In DMF, the
polymers have a different micellar supposedly core-shell structure with POS core covered

with solvated PBuMA shell, as is schematically drawn on the Figure 44.

o

Figure 44: Micelle of diblock copolymer in a selective solvent. C: core of the micelle; S: shell corona.

6.7.2.3 Poly(butyl methacrylate) solutions

Because of non-trivial behavior of OB systems in heptane we studied the dynamic
behavior of the simple homopolymers in the series of solvents: C7, DMF, THF and acetone,
to investigate the possible presence of conformational transition and theta temperatures of
PBuUMA chains. For this purpose we prepared a series of 3 % (w/w) solutions of B8

homopolymer in these four solvents. The solutions were placed overnight at 80 °C to ensure
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full dissolution and after that were filtered with 0.45 um PTFE microfilter, again let stabilize
and measured.

The results of DLS measurement are shown in Figure 45.

For heptane solutions (Figure 45a) we can see a clear, unexpected decrease of polymer
size with increasing temperature. This can be a signature of a combination of the transition
at a O-temperature (see Figure 36) and a conformation change in butyl methacrylate chains.
Up to ca 60 °C the dynamics of the solution is “ordinary” and the gentle increase of the R, is
probably caused by the thermal expansion of the coils. After the mentioned change we can
observe an important decrease of R, by about 23 % from ca 2.2 nm to ca 1.7 nm. This
behavior is usually confirmed also in the other methacrylate systems, as can be seen e.g. in
the publications!*"1'%8According to the results obtained for OB diblock systems, the effect
of change of coil dimension with temperature has also a strong influence on the diblock
copolymers where the PBuMA chain forms ca. 40% of the molecule (OB5 system).

In the DMF solution (Figure 45b) the dynamic behavior of the coils is thermodynamic and
comparable to the first part of the curve in C7. Here we are also assigning the slight increase
of R to the increase of thermodynamic quality of the solvent.

In the THF solutions ((Figure 45c) there is observable a soft decrease in R,, which can be
caused by the intramolecular complexation of methacrylates. This idea is in good agreement
with results published inl"** where authors studied behavior of solutions of poly(methyl
methacrylates) in various solvents.

The behavior of the molecularly dissolved PBuMA in acetone (generally a very good
solvent for methacrylates) is again “normal” and no sharp jump as in the case of heptane
solutions was observed.

From the obtained results we can confirm the known fact that the thermodynamical
behavior of PBUMA is non trivial and is strongly dependent on the quality of the used solvent
and temperature of the solution. We can also say that in some cases it is possible to
observe a distinct step in the temperature dependence of Ry, which is typical for behavior of
some of methacrylate polymers. This step is usually caused by the conformational change in
side chains and according to our results it has strong influence on the whole molecule even
in the diblock copolymers.
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Figure 45: Temperature dependence of PBuMA size in solutions in a) heptane, b) DMF; ¢) THF; d)

acetone.

6.7.2.4 Poly(p-octylistyrene) solutions

The temperature dependence of hydrodynamic radius of POS homopolymer was
measured for 3 % (w/w) solutions (prepared in the same way as in the PBuMA case) of O5
in C7 and DMF.

In POS-C7 system also only one dynamic process was observed. According to the small
size it can be again assigned to molecularly dissolved polymer chains with coil R, of ca
2.3 nm. The temperature dependence of chain sizes has a slow increasing tendency (Figure
46a), which again represents the temperature expansion of the polymer.

Since, compared to the PBUMA, the aromatic structure in POS carries the long alifatic
chain without tendencies to intramolecular clusterization, no "steps” of R, = f(T) are visible in

the examined solutions.
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Because POS is not soluble in DMF, it was not be possible to measure the size of single
polymer chain in such solutions — the majority of the POS material remains undissolved in
the scattering cell. Because of this, we tried to investigate the dynamic behavior of the
extremely diluted solution above the undissolved homopolymer.

In the results it was not possible to find any signal assignable to molecularly dissolved
chains, only scattering of a big clusters with size of ca 4 um were observed (Figure 46b) This
is, however, near the size limit of dynamic light scattering and the obtained information has

therefore only a limited value.
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Figure 46: Experimental results of dynamic behavior of POS homopolymer in C7 (a) and DMF (b)

solvents.
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6.7.2.5 Diblock copolymer in a binary solvent; variable copolymer concentration

In this section we examine the influence of diblock copolymer concentration in the binary
mixture on the solution properties. For this, we have prepared a series of solutions with
variable copolymer concentrations and fixed solvent composition.

As the basic composition for binary solvent was chosen a mixture of C7/DMF with 15%
(w/w) of DMF. The phase separation temperature T. of this mixture is 63.9 °C. Also a
control sample of this binary solvent mixture without polymer was prepared and measured
using dynamic light scattering, to verify the phase separation temperature of the solvent
mixture in our experimental conditions. Our result, measured as the increase in scattered
intensity caused by the system clouding at phase separation temperature (Figure 47), gave
T.=63.7 °C. This value is in good correspondence with a value T, = 63.9 °C approximated
from published datal"*® (Figure 37).
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Figure 47: DMF-C7 binary mixture, 15.3% DMF, temperature dependence of scattering intensities.

The list of examined OB-solutions is shown in the Table 13. The block copolymer
concentrations were ca 1%, 2%, 5%, 10%, 15% (w/w). The samples were after preparation
homogenized in the oven at 80 °C overnight, and after that used in light scattering
experiments.

For all prepared samples we have measured correlation curves as a function of
temperature and scattering angle.

The influence of temperature was investigated for the scattering angle 90° in a

temperature range from 90°C to 40°C, with a step of 2°C. An example of correlation curve is
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displayed in Figure 48. The presence of two dynamic modes is visible, which implies a more

complex behavior of studied solutions than in the case of simple solvents (10.3.1, 10.3.2)

system sample name DMF[E;f;tb" pOIYT;:;:onc.
0oB3 OB3-A1 15.3 0.9
OB3-A2 155 1.9
OB3-A3 154 50
OB3-A4 14.9 9.9
OB3-A5 18.1 13.9
oB5 OB5-A1 15.7 1.0
0OB5-A2 15.1 2.0
OB5-A3 14.8 4.9
OB5-A4 15.3 9.9
OB5-A5 142 15.0

Table 13: Composition of OB3 and OB5 samples used to investigate the effect of block copolymer
concentration. “DMF fraction” is wiw fraction of DMF in binary mixture of DMF/C7. “polymer conc.” is
w/w concentration of diblock copolymer, dissolved in the binary mixture.
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Figure 48: Correlation curve example, sample OB3-A4; T = 78 °C, measurement duration 180 s,

angle 90°.

Next, Figure 49 shows the temperature dependence of normalized intensities of
scattered light obtained from all samples. On the graphs is observable a stabilizing effect of
block copolymer in the binary mixture®” exhibited as a shift of the binary mixture T¢ to the
lower temperature values. The segregation temperature of DMF and C7 is in all solutions
decreased - from the theoretical value of ca 64 °C below ca 60 °C. The mentioned effect is,

as in the case of mixture of pure solvents, generally measurable as a solution cloud point.
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The decreasing of relative intensity at the T, observable on samples with higher
copolymer concentrations, is probably caused by a multiple light scattering and absorption in
cloudy solutions. The signal instability and second decrease of the intensity of the scattered
light often present after the T, is on the other hand probably caused by the fluctuation and
sedimentation of “precipitated” micelles and agglomerates.

This behavior — the sedimentation of excluded agglomerates — was observed in all
samples after cooling the solutions under the system cloud point. After this, during ca 5
hours the sedimentation is finished and the mixture is separated into two layers — at the
bottom layer is the precipitated block copolymer together with DMF; in the upper layer is the
slightly clouded C7 fraction with the rest of DMF and block copolymer. Because of this
effect, it was necessary to perform the measurements in as short time as possible and the
applied temperature program every time ran from the higher to the lower temperatures.

The solutions remain at all temperatures (both over and under the T¢) very liquid, without
any observation of tendency to gelation, in contrast to some other systems, (e.g. studied

in®%) where gelation was caused by the long-range orientation of dissolved macromolecular

chains into organized lattices.

a) b)
. R | —a—0B5al

—8— G530

—e— LB al [one
-ac BY g,

B e |

—— B> ai‘

A

—e—=085%a2 ‘

6.002 ~

—a—(B5a5
- T

G001 -

a0
- |

S
" o
S EEETSEE e SR Coar éi::::l::=|:|=|:;.1:a;1:s:s::::1
©,00C ~ =

T : !
40 50 60 70 €0 Y T j ! o T
kD 50 30 0 80 90

Figure 49: Normalized intensities of scattered light at angle 90° as a function of temperature for:
(a) — OB3 solutions, (b) — OBS5 solutions.

DLS results displayed as 3D graph maps of sample OB3 are shown in Figure 50 as a
dependence of relaxation time on temperature. For the system OBS5 the relevant 3D graphs
are shown in Figure 51. (In further text subscript “A” will be used for descriptions of
dynamics “above” the phase separation temperature and subscript “B” to describe behavior

‘below” the phase separation temperature; an example of this notation is indicated in Figure
50e.)
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Figure 50: DLS results for OB3 samples with fixed solvent composition (ca 15% (w/w) DMF in binary
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1.9%: 5.0%; 9.9%; 13.9% (w/w) respectively; X vs. Y graph coordinates describe log of relaxation time

[ ms ] vs. sample temperature [ °C ] The Z-scale displayed in f) belongs to all maps. In the image e) is

indicated naming of dynamic modes described in further text.
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Figure 51: DLS results for OB5 samples with fixed solvent composition (ca 15% (w/w) DMF in binary
solvent mixture) and variable block copolymer concentration, ; OB5 content in a), b), ¢), d), ) is 1.0%;
2.0%, 4.9%, 9.9%, 15.0% (w/w) respectively; X vs. Y graph coordinates describe log of relaxation time
[ ms ] vs. sample temperature [ °C ]. The Z-scale displayed in f) belongs to all maps.
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In the case of OB3, it is clearly seen, that above the phase separation temperature, for
block copolymer solutions with concentrations up to ca 10% (samples OB3-A1...0B3-A4),
two main modes are present. The faster has a relaxation time of about 74, ~ 10 ys and the
slower 74, ca from 450 us to1 ms. Below the phase separation temperature, the two modes
merge into one mode with relaxation time 75, of about ca 150 us. In the sample with 5%
concentration of OB3 a second one slow mode appears, probably as a continuation of the 4.

and is observable as rz;at ca 10 ms.
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Figure 52: Dependence on g’ of decay rate of dynamic mode B1 for OB3-A1 sample at 50 °C.
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Figure 53: Dependence on g’ of decay rates for OB3-A1 sample at 70 °C. a) dynamic mode A1, b)

dynamic mode A2.

At higher block copolymer concentration — in 10% solution (sample OB3-A4) — above the

phase separation temperature the dynamics remains unchanged. Below the phase
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separation temperature the fastest mode splits into two individual components with 75, ~
20 us for the first component, the second mode (“parent”) with rs; ~ 100 ys remains
unchanged and is present in all systems. Also the third, slowest, mode present in this
solution remains (or disappears and the new one appears), however is shifted from 10 ms
observed in OB3-A3 to the faster values at 7535 ~ ca 600 us.

In the most concentrated solutions with ca 15% of OB3 (sample OB3-A5) a more complex
behavior is observed. Above the T four modes are present. The fastest mode is now clearly
separated into two components with 74, ~ 10 ys and 74, ~ 30 us. The third dynamic process
with 743 ~ 1-10 ms again remains mostly unchanged as was observed in more diluted
solutions. However, in addition a completely new, slow mode (744 ~ 100 ms) not previously
observed in more diluted solutions appears. Because the polymer concentration is higher
than the c*, it implies the existence of large-scales inhomogeneities or clusters in the

system.
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Figure 54: Dependence on q° of decay rates for OB3-A5 sample at 50 °C. a) dynamic mode B1; b)
dynamic mode B2, ¢) dynamic mode B3.
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To check whether these dynamic modes have a diffusive character (i.e. the relaxation
rates (I') — given by equation 5.9 — are g° dependent) angle dependent measurements for
several temperatures were performed. We use 70 °C to study the behavior above the phase
separation temperature and 50 °C to study behavior below the phase separation
temperature. As representative samples was chosen the solution OB3-A1 as the dilute
system below c* and the solution OB3-A5 as the concentrated solution above c*.

For dilute samples with polymer concentration below c* (OB3-A1) the dynamics in all
cases — i.e. both below and above the phase separation temperature — is diffusive.
Individual modes are there presented in Figure 52 (B1) and Figure 53 (A1, A2).

In Figure 54 it is visible that for concentrated solutions above c* (i.e. sample OB3-A5)
and below the phase separation temperature (50 °C), all dynamic processes B1, B2 and B3
are diffusive.

The behavior of the same sample at temperatures above the phase separation
temperature (70 °C) is shown in Figure 55. The character of all dynamic processes is also

clearly diffusive, except for A2.
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Figure 55: Dependence on q° of decay rates for OB3-A5 sample at 70 °C. a) dynamic mode A1, b)
dynamic mode A2, c) dynamic mode A3, d) dynamic mode A4.
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The results are therefore in good agreement with the theory of Semenov!'*®, according to
which in solutions of diblock copolymers there generally occur at least three dynamic modes,
and the correlation function is influenced by contribution of relaxation rates I" given by I', T'c,
I'y from

e internal mode (I')) which reflects the relative motion of the centers of mass of the two
blocks on a single chain; it does not depend on g?

e cooperative mode (I'c) which is essentially identical to that observed in homopolymer
solutions and is thus, at least to a first approximation, independent of the copolymer
nature of the chain; it is dependent on g2

e heterogeneity mode (I'w) which is caused by fluctuations in the relative concentration

of A and B segments in diblock copolymer chain; it depends on g°

According to this we can characterize (for the sample OB3-A5, 70 °C; description of the
other samples is similar) the mode A1 as the cooperative mode, A2 as internal mode and A3
as heterogeneity mode. The fourth slowest mode A4 according to our opinion comes from
the diffusion of large clusters or aggregates and was described previously!'*'"! "2 but is not

so important for our studies.

From these data we can generally accept a linear dependence of I on g? for almost of all
observed modes, which entitles us to use equation 5.10 and to calculate the hydrodynamic
radius (for dilute solutions) or correlation length (for concentrated solutions) corresponding to
the measured diffusion coefficient. The results of those calculations are presented in 3D
maps in Figure 56.

We are aware of the fact that to create size graphs we used DLS data in form “as is”, so
there were done calculations also with non-diffusive dynamic processes. This helps with a
clear and easy identification of the corresponding modes, available by simple comparison of
corresponding relaxation time vs. size images. The parts of the 3D graphs that do not make

sense in a size representation can be identified from the I" = f(q?) dependencies.

Similar measurements as a function of temperature and scattering angle have been
performed also for the OB5 solutions.

The results for relaxation time are shown in Figure 51, where it can be seen that the
dynamic behavior of both copolymer systems (OB3 and OBS5) is almost identical and the
observed variations can be assigned to the differences in composition (ratio of PBUMA and
POS in blocks) and in molecular weight — M,, ~ 23.4 k for OB3 and M,, ~ 35.6 k for OB5. The
only distinct difference is that the dynamic mode B2 (at 75 ~ 7.5 ms) occurs — compared to

OB3 samples — also at lower concentrations of diblock copolymer in binary solvent.
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For the characterization of diffusive behavior of obtained dynamic modes an angle
dependent measurement was also performed. For those purposes were selected samples
OB5-A1 as the representative of dilute solutions and the sample OB5-A5 as the
representative of solutions above the overlap concentration.

Results from the experiments with sample OB5-A1 are shown in Figure 57 for 50 °C and
at Figure 58 for 70 °C. For the dilute solution the diffusive character of the both relaxation

modes is again confirmed, both below and above the phase separation temperature.

The concentrated sample OB5-A5 has a similar behavior as in the OB3-A5 case. At low
temperatures all modes are diffusive; above the phase separation temperature the
relaxation rate of the A2 mode does not dependend on g? and we again assume his
“internal” character.

However, again most of studied fluctuations in solutions of OB5 have diffusive character
and because of this the transformation of relaxation times to the hydrodynamic radius
respectively to the size of fluctuations in solution is applicable. The general result of this

transformation is shown in Figure 61.
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Examples of details of selected dynamic modes and R, for dilute solutions OB3-A1 and
OB5-A1 are shown in the Table 14 and Table 15,

mode temperature [C ] R,[nm]
B1 50 48
A1 66 4
A2 66 200

Table 14: Overview of diffusive dynamic modes and corresponding Ry in OB3-A1 solution.

mode temperature [ C ] Rn[nm]
B1 50 70
A1 66 4
A2 66 600

Table 15: Overview of diffusive dynamic modes and corresponding Rn in OB5-A1 solution.

From the presented data we can deduct that the fastest modes (corresponding to A1) can
be assigned to the diffusion of molecularly dissolved chains of diblock copolymers. This is
also supported by the fact that the obtained R. is in good correspondence with the
dimensions obtained from solutions of diblock in one soivent. The slower dynamic modes
(corresponding to B1) with size of about 50 nm can be assigned to micelles formed in the
binary mixture after cooling of the system below the phase separation temperature. The
third type of objects (corresponding to A2) with size of hundreds of nanometers, present in

solutions above the T, are probably larger clusters or “animal-like” micelles!®® "}

The values for concentrated solutions OB3-A5 and OB5-AS5 are mentioned in Table 16
and in Table 17. For the OB3 sample it is clear that the size corresponding to the diffusive
A4 component has no real physical sense, because the obtained dimension (70 um) is out of
DLS resolution (which is ca 3 um). This unrealistic result was caused by high concentration
of examined solutions and by the motion of large objects governed by friction, which is not
given by the solvent but by the influence of the other surrounding chains. Because of this,
the viscosity of solvent used in the calculation of R, (see Eq. 5.10) does not give usable
results. The described effect can be corrected by measuring the right viscosity of the

solution in a special apparatus, which, however, was not available in our experiments.
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mode temperature [C ] E[nm]

B1 50 3.4
B2 50 29
B3 50 3200
A1 66 ' 33
A3 66 ' 700
A4 66 70000

Table 16: Overview of diffusive dynamic modes and corresponding & {(correlation length) in OB3-A5
solution.

mode temperature [ C ] ¢&[nm ]V
B1 50 | 39
B2 50 32
A1 66 3.7
A3 66 960

Table 17: Overview of diffusive dynamic modes and corresponding & (correlation length) in OB5-A5
solution.

From the Tables 16 and 17 it is also visible, that the molecularly dissolved chains
(corresponding to the modes A1 and B1) now remain also in systems cooled under the T..
This means that there exists an equilibrium between polymer chains bound in a complex
micelles and free polymer in solution, as in the case of the other micellar systems!'43 1144

The size of micelles is lower than in more diluted solutions, which can be again explained
by the fact, that more micelles can be formed with a higher concentration of block copolymer
therefore at a constant content of the minority solvent each micelle must be smaller.

In further steps we also studied the concentration dependence of sizes of the objects for
OB3 and OB5 systems at temperatures both below and above the phase separation
temperature of the binary mixture, where we focused on the behavior of the molecularly
dissolved chains and micelles.

For this purpose we chose the samples OB3-A1 and OB5-A1 as basic system to identify
the modes of interest, because according to the DLS results, both contain solely diffusive
fluctuations (processes B1, A1, A2 in Figure 52, Figure 53, Figure 57 and Figure 58 and the
corresponding processes from the other concentrations) that appear also in the other
samples (OBX-A2, OBX-A3, OBX-A4, OBX-A5, where “OBX” means OB3 or OBS5).

The obtained results are shown at Figure 62 and Figure 63. From the graphs it is visible
that the dimension of objects in solution is inversely related to the diblock copolymer
concentration.

It is interesting to note that also the size of the molecularly dissolved chains decreases
with increasing concentration. This can be explained by the dependence of the cooperative
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diffusion coefficient D on the solution concentration, where for D we can (in simple
approximation) write!'*%: D = Dy(1 + ksc) where kq is the virial coefficient of diffusion and c is
the concentration of the solution. From this is visible that in the case of positive value of k4
(as is the case in thermodynamically good solvents), D increases, which using Eq. 5.10

causes a decrease of the obtained size.
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Figure 62: Concentration dependence size of a) micelles and b) molecularly dissolved chains for OB3
diblock copolymer in DMF / C7 binary mixture.
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6.7.2.6 Diblock copolymer in a binary solvent; variable content of DMF

The composition of samples used to explore the influence of solvent composition is
displayed in Table 18. We prepared a series of ca 10% (w/w) solutions of OB3 and OB5 in
C7 / DMF mixture with solvent composition from 5 to 25% (w/w) of DMF. The samples were
homogenized at 80°C overnight and after that used for experiments.

For all samples we measured correlation curves as a function of temperature and
scattering angle. The temperature dependence was measured from 90 to 30°C with a step
of 2°C and at a scattering angle of 90°. The angular dependence was measured for
temperatures from 80° to 20°, with a step of 20°, and in selected cases for temperatures
from 90°C to 30°C with a step of 10°C.

system sample name DMF[tr}:u]:tion T.[°C] pOIVT;': ; onc.

oB3 OB3-1 ' 7.7 50.8 ' 10.0
0B3-2 9.6 54.9 8.8
0B3-3 15.1 64.4 ' 9.8
OB3-4 20.4 69.6 9.9
OB3-5 25.7 73.1 9.5

OB5 0B5-1 5.0 37.9 9.2
OB5-2 10.1 56.6 9.0
0B5-3 16.3 65.9 9.3
OB5-4 22.4 71.3 9.1
OB5-5 ' 255 73.1 ’ 9.7

Table 18: Composition of OB3 and OB5 samples used to evaluate the effect of solvent composition
(DMF content). “DMF fraction” is wiw fraction of DMF in binary mixture of DMF/C7. T is the phase
separation temperature for the binary solvent at given DMF fraction in the mixture. “polymer conc.” is
w/w concentration of diblock copolymer, dissolved in the binary mixture.

Graphs of normalized intensities for all samples, measured at a scattering angle of 90°,
are displayed in Figure 64. For all curves we can see the stabilizing effect of addition of
diblock copolymer to the binary mixture. Generally we can say that the phase separation
temperature is in all cases decreased by ca 10 - 15 °C, which is in good agreement with
results obtained in previous experiments with variable content of block copolymer.
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The temperature dependence of the distributions of relaxation times displayed in 3D
graph maps, is represented below. Figure 65 shows relaxation time graphs for OB3, Figure
66 shows the results of calculations of corresponding correlation lengths. For system OB5
the relaxation time is shown in Figure 67 and correlation lengths in Figure 68.

In both systems it is evident that the scheme of dynamic behavior remains identical and
similar to the results obtained with variable concentration of copolymer, but the phase
separation temperature is (as supposed) strongly dependent on the DMF concentration in
the binary mixture of incompatible solvents. We can conclude that the number of dynamic
modes is related to the concentration of diblock copolymer and does not depend on the DMF
content. At temperatures below the T. both micelles and high molecular clusters are
present. Above this temperature we can — again - find the cooperative mode A1 and the
slower heterogeneity mode A3. The internal mode A2 is also present.

It is also visible that the higher amount of DMF in the mixture helps to differentiate
between the two fastest modes above the phase separation temperature (dynamic
processes described as A1 and A2 using the same identification as at experiments with
variable OB content).

The other observable fact is, that at neither map from Figure 65 nor from Figure 67 are
observable large scale inhomogeneities as was in the case of samples OB3-A5 and OB5-AS.
This implies that the presence of those object is a matter of high concentration of diblock
copolymer and does not depend (in range of used conditions ) on the composition of the
binary solvent.
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Figure 68: DLS results for OB5 samples with variable DMF concentration, ca 10% (w/w) OBS5 in binary
solvent mixture ; DMF content in a), b), ¢), d), e) is 5.0%; 10.1%, 16.3%; 22.4%, 25.5% (w/w)
respectively;, X vs. Y graph coordinates describe log of correlation length [ nm ] vs. sample
temperature [ °C ]. The Z-scale displayed in f) belongs to all maps.
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6.7.3 SAXS results

In some systems composed of two immiscible and inversely selective solvents and a
diblock copolymer it was confirmed!™! 8% B that in depending on the symmetry of the used
block copolymer, the system can self-organize into three dimensional networks and/or into
microemulsion nanoparticles encapsulating the minority solvent in the majority matrix. In our
case we can obtain a phase separated system at low temperatures, where a part of the used
polymer and solvent is precipitated. However, in the supernatant micelles are still present.
For the investigation of structure and mass distribution in this system, we examined the
OB / DMF / C7 ternary systems by the SAXS method.

For this purpose new samples with 5 % and 10 % (w/w) concentration of either OB3 or
OBS in binary solvent(15 % content of DMF) were prepared, as is described in the Table 19.

sample name polymer DMF C7W N polymer - 'DMI’:
[mg] [mg] [mg] [%] [%]

OB3-B1 2500 77.5 | 403 | 5.0 | 16.1
0B3-B2 ‘ 50.05 67 381 10.0 14.9
OB5-B1 25.00 75 403 5.0 15.7
0B5-B2 49.48 71.5 385 ‘ 9.8 15.7

Table 19: Composition of OB3 and OB5 samples used for SAXS investigation.

Figure 69: A photo of a sample used for SAXS examination of OB / DMF / C7 system. A: micellar
solution; B: precipitated phase.

The solutions were explored below the phase separation temperature, where the binary

solvent is separated into its components and micelles are present in the solution. To do this,
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the samples were placed in 2 mm quartz X-ray capillaries, homogenized at 80 °C, cooled to
desired temperature and investigated in the thermostatted chamber.

We have used three different temperatures (35 °C, 40 °C, 50 °C), to cover the
temperature behavior for each of OB3 and OB5 samples (with two different diblock
concentration).

The SAXS curves were measured both for micellar solutions and the precipitated
suspension from the bottom (Figure 69, B) of the cell, however meaningful results were
obtained only from the micellar solution so only those will be discussed below. An example of
the scattering curve is presented in Figure 70.

—a— OBS5-B1.35°C
—— calculation

10000 4

1000 4

1{a)

100

q[nm’]

Figure 70: SAXS curve for OB5-B1 sample.

The obtained results do not demonstrate any higher self-assembly into more organized
structures as lamellae or cylinders, however using the standard relation d = 217/q, we can
from the position of the structure peak q, obtain the average distance of the micelles in the
system.

By fitting and modeling the real data we can obtain the form factor of the scattering
objects. The best description corresponds to hollow spheres of inner radius R, and outer
radius R.. The solution can then be described by a model shown in Figure 71 and Figure 72.
According to the composition of solution we suppose that the internal volume of the micelle
is formed by the encapsulated drop of DMF (to be precise DMF-rich phase), which is
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covered by the solvated corona of the diblock copolymers chains. The copolymer molecules
are oriented by the PBuMA part of chain into the inner area of the micelle, while the POS
part remains oriented into the outer surrounding, which is formed by the majority solvent —
heptane (C7) (to be precise heptane-rich phase).

The complete details of SAXS results are shown in Table 20 for OB3 system and in
Table 21 for OB5 system.

Figure 71: Hollow micelle image. R;: diameter of the internal hole/cavity, which is in our case
formed by the DMF-rich solvent. R.: outer diameter of the micelle, which includes the internal DMF
core of the micelle and the corona (green color) formed by the presented OB coils. Rs: ideal radius
of one diblock coil in micelle corona (one half of the corona thickness). Label "heptane”
represents a heptane-rich solvent phase; label “DMF” represents a DMF-rich solvent phase.

sample temperature » 9o 7 d R, - 7 R;

OB3-B1 35 00113 55.6 ‘ 12 ' 22.8
42 0.0119 52.8 11.9 ' 2238
50 0.0115 54.6 ' 135 ' 24.4

0B3-B2 35 00131 48.0 ' 12.7 ' 20.9
42 0.0131 48.0 12.8 ' 21.6
50 00130 483 12.7 227

Table 20: Results for SAXS measurement of OB3-B1 and OB3-B2 samples. q, = position of first
maximum in SAXS data; d = average distance between centers of micelles; R, = radius of internal
(DMF) core; R; = radius of micelle.
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sample temperature Qo d R, R;

085-B1 35 0.0111 56.6 13.4 ‘ 23.5
42 0.0113 55.6 13.7 ' 236
50 00112 56.1 12.8 21.8
0B5-B2 35 0.0128 49.1 12.9 21.8
42 00134 46.9 13 21.8
50 0.0128 49.1 13.3 ‘ 227

Table 21: Results for SAXS measurement of OB5-B1 and OB5-B2 samples. g, = position of first
maximum in SAXS data; d = average distance between centers of micelles; R; = radius of internal

(DMF) core; R: = radius of micelle.

From the values of d, R;, R. and a few preconditions we can calculate the other

interesting parameters of the measured solutions:

1.

according to the d value we can hypothesize that every one micelle appears in the
center of a cubic space of volume: Vs = &®

from the R; value (from tables before) we are able to calculate the real volume of the
DMF presented in the cubic space described by: Vp = (47R®) /3

from step 1. and 2. we can calculate real content ([ % ] in V/V) of DMF in the micellar
solution cp

the corona of the hollow micelle is formed by the diblock copolymers coils (see Figure
72), of which the radius (Rs) is in the case of symmetric copolymer equal to the %2 of
the corona thickness (Rs = (R, — R1) / 2 ); the volume of the single coil is then:
Ve=(411Rs%) /3

it is possible to calculate the total volume of the corona as a simple difference of total
volume of micelle and the volume of the internal DMF core, using an equation:
Ve=(4mRL-R?) /3

according to 4. and 5. we can calculate the approximate aggregation number of
diblock copolymer chains in studied system: A = V¢ / V5

using the A from 6. and copolymer M,, we can calculate the weight of the molecules
in corona and in next step with using of the volume Vs we can obtain the real

concentration of the copolymer cs in studied solution (w/V or w/w as needed)

The complete summary of results of all samples obtained according to the mentioned
considerations is presented in the Table 22.
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Figure 72: Schema of the solution and micelle corona organization.

vélue
T[°C]
d[nm]
Ry[nm]
R:[nm]
Rn[nm]
Vs [nm?]
Vo [nm?*]
co[%]
Re[nm]
Ve [nm?]
Ve [nm?]
A
ce[%]}

Cr

30
55.6

228
171911
7238
42
5.40
660
42409
64

0B3-B1
42

52.8
11.9
22.8
27.8
147197
7059
48
545
678

42588

63
1.8
5

163097
10306
6.3
5.45
678
50544
74
19

' 0B3-B2

110338
8580
7.8
4.10
289
29661
103
38

42
48.0
12.8
216
2538

110338
8785

8.0
4.40
357

33429

94
35
10

50
483
12.7
227
28.6
12904
8580
7.6
5.00
524
40416
77
2.8

 OB5-B1

30
56.6
13.4
235

181372
10079
5.6

42
55.6
13.7
23.6
31.8
171911
10771
6.3
495
508
44288
87
32
5

50
56.1
12.8
21.8
34.8

176557
8785

5.0
4.50
382

34612

91

32

118280
8992
7.6
445
369
34405
93
5.0

OB5-B2
0
46.9
13
21.8
28.5
103092
9203
8.9
4.40
357
34194
96
5.9
9.8

50
49.1
13.3
227
295
118280
9855
83
4.70
435
39142
90
4.8

Table 22: Summary of calculations of OB3 and OB5 solutions based on the obtained SAXS data (for

details see text and the other tables above). T: temperature; d. average distance of micelles; R

radius of inner DMF core; R;: radius of micelle; R. hydrodynamic radius of micelle obtained by DLS

experiment; cp: real concentration (v/v) of DMF in the micellar solution; V;: space volume of ideal cube

calculated according to d, Vp: volume of DMF core; Rg: ideal radius of one diblock coil appearing in

micelle corona; Vs: ideal volume of the coil; V¢: volume of the corona of the micelle; A: aggregation

number; cs: real concentration of OB diblock copolymer in micellar solution (w/w); ce: original OB

diblock concentration in freshly prepared solution.
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From these data it is visible, that the temperature has no significant effect on the system
characteristics.

Unlike this, the polymer concentration (at constant content of the DMF in the binary
solvent) has observable influence and both the average distance between micelles and outer
radius of spheres decreases with increasing of OB concentration, which is in good
correspondence with results observed by DLS. The difference in sizes obtained by both
methods is easily explainable by the fact, that in DLS we “see” not only pure (co)polymer
coils, but also their solvating layer and the obtained result is hydrodynamic radius R,, while
using the SAXS we have as result the radius of gyration R,.

It is also clear that after preparation of the solutions and their cooling to the measurement
temperature, a distinct part of both DMF and OB is precipitated at the bottom of the
measurement cell and the micellar solution above the sediment is — compared to the original
composition — significantly diluted.

This fact is in good correspondence with the theoretical paper of Dan and Tirrelll’™,
according to which in the case of asymmetric diblock copolymers (Na/Ns # 1, i.e. the most
of real systems) the microemulsion domains coexist with the “bulk” phase. This phase is

formed by the macroscopically separated liquids, where their interface is again covered by
the oriented diblock copolymer chains.
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7 Summary

Poly(p-octylstyrene) and poly(n-butyl methacrylate) systems have been studied from
various points of view.

In the synthetic part of this work we synthesized homopolymers of p-octylstyrene and n-
butyl methacrylate by anionic polymerization initiated by s-butyllithium or
diphenylmethylpentyllithium. In the following steps we successfully synthesized a series of
diblock copolymers by sequential anionic copolymerization (also initiated by s-butyllithium).
All products were isolated and characterized by GPC to obtain molar mass distribution and
for homopolymers we also measured T, (glass transition temperature) using DSC method.

We tried to obtain the order-to-disorder transition (ODT) temperature of synthesized
symmetric diblock copolymers, in order to calculate the Flory-Huggins interaction parameter
x.- However, as we finally found from homopolymer blends compatibility studies, in the used
temperature range (up to ca 200 °C) it was not possible to obtain the disordered state of the
studied systems. According to our results, both homopolymer blends and block copolymer
systems exhibit a high incompatibility and the samples are either permanently ordered (block
copolymers) or phase separated (homopolymer blends). Since our experimental setup does
not allow using of higher temperatures and exclusion of presence of oxygen to prevent
decomposition of polymer materials, the exact location of ODT remains still open.

Diblock copolymers synthesized by anionic copolymerization and used further in other
experiments were investigated by SAXS and TEM methods. Both methods confirmed that
the natural organization of the copolymers OB3 and OBS5 is lamellar with regular internal
structure. Observation by TEM showed that the structures are clearly formed with long range
organization. This can play an important role in potential applications focused on
microphase separation.

The OB was also explored in thin layers, where we investigated the behavior after
exposition to vapors of simple organic solvents.

Like in SAXS and TEM experiments, in thin layers we also observed an intensive
separation into lamellae, which is caused by the strong incompatibility of both blocks. The
main difference is in orientation of thin layers, where from AFM samples a perpendicular
arrangement in hexane vapors and parallel in the case of acetone is evident.

Chloroform and tetrahydrofuran vapors have no remarkable structural effect except for a
weak variations in the shape and size of the characteristic terrace formations. Vapors of 1,4-
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dioxane on the other side cause massive undulation and deformation of the surface, which
forms an irregular patterning of the thin layer. A common attribute of the mentioned solvents
is also the fact that the phase structure of all images remains smooth. This indicates that the
lamellae parallel to the surface are covered by the softer polymer material, here probably
polyoctylstyrene, because of a higher mobility of this block. Similar behavior of a polymer
system was observed e.g. in ref. [128] for the polystyrene / polyisoprene system.

More intensive surface changes were observed after exposition to n-hexane and acetone
vapors.

Here we can say that hexane on one side can serve as a highlighter of natural lamellar
structure and on the other side causes perpendicular organization of lamellae to the surface
plane. A nice phase separation is also visible on all hexane-treated images, where the
average lamellae size is bigger than the dimensions observed by TEM and SAXS method.
But because of physical history and because the preparation technique of thin layers is not
the same as for thermo-annealed samples, this difference is possible and we propose that
the bigger dimensions are caused by swelling effects of solvent vapors.

Unlike in the case of hexane, acetone vapors cause organization of lamellae into a
parallel direction to the surface plane, with a terrace-formation typical for block copolymers
as mentioned e.g. in ref. [145],[20],[146]. The influence of solvent vapor together with the
ratio of chain segment lengths and the swelling properties disrupted the original smooth
structure to island-like arrangement with a very regular height profile. In the topography
image and the attached profile graph (Figure 32), we can clearly see the presence of two
main height distributions, markedly isolated by cracks through the layers. As noticed before,
in this samples it is also not possible to distinguish detailed structure in the AFM phase
image. This effect is clear in the lowest positions where phase does not extend to the
original wafer surface, where the contact with the silicone surface would be immediately
visible. Also in this case we propose that the surface of the sample is covered with the
poly(p-octylstyrene chains).

Except for relatively simple studies of thin films of pure diblock copolymers under various
conditions, we also dealt with thin layers of ternary systems POS / PBuMA / POS-b-PBUMA.
At mixtures composition out of the values calculated for Lifshitz point (LP) we found a typical
behavior like phase decomposition or lamellar phase organization. However, at components
ratio corresponding to the tricritical LP we found a distinct structure formation which creates
a teeth-like shapes on the top of the thin layer surface. Because of the characteristic
properties of used components, mainly the large difference of glass transition temperature
T, we suppose that the stable cylindrical formations are formed by the component with
higher Tg, i.e. by PBUMA chains coming both from the homopolymer and copolymer

96



molecules. On the contrary, the soft, surrounding POS material has not enough mechanical
stability and flows down from the primary microemulsion (WUE) structure.

The lateral dimension of the “teeth” at their base (ca 190 nm) correspond with the
average dimensions (from tens to hundreds of nanometers) of microemulsions from TEM
images published e.g. in [36] and [37]. We are of course aware that the surface structures
are often more or less different from the arrangement in bulk matter and the continuous
structure typical for bicontinuous puE probably cannot be observed in this case.

The vertical size of the formations is ca 800 nm and their surface under AFM did not
exhibit any additional substructures.

Because of the described unique behavior observed in YE of ternary systems, we believe
in a great potential of those blends usable in nanotechnology applications, mainly at
templating of regular cylindrical shapes. Those can be subsequently used directly in e.g.
producing of base components for nanodevices, or physically and/or chemically modified to
form highly structured membranes with regular pores dimension or to fabricate various types
of nanocontainers.

Interesting results were also obtained from examination of ternary systems consisting of a
mixture of diblock copolymer and two mutually incompatible solvents, where we stay focused
on the influence of either variable concentration of polymer or the composition of binary
mixture of solvents.

In experiments with variable concentration of diblock copolymers in the solutions we
found both diffusive and non-diffusive dynamic processes. Their relaxation times ~ and
therefore corresponding Ri or ¢ — were strongly dependent on the system temperature (i.e. if
the temperature is above or below the T. of the binary solvent) and on the concentration of
diblock copolymer.

Generally we can say, that above the phase separation temperature are present both
molecularly dissolved chains (Rn ~ 4 nm) and large-scale clusters (Rn of hundreds of nm). In
concentrated solutions highly above the c* also large-scale inhomogeneities (size in um)
are present, however, because of the size, which exceeds the limits of DLS, we did not study
them in details.

Below the phase separation temperature one important dynamic mode was found in all
solutions, and we assigned it to micelles (R, around 50 nm) formed in the system after
phase separation of the binary solvent.

From the obtained results from both experiments with either variable concentration of
polymer or binary solvent composition we can say, that the dynamic behavior of the
OB / C7 /| DMF system is strongly dependent on the diblock copolymer concentration while
the content of DMF has only secondary function and causes only the shift of the obtained
results on the temperature scale. The composition of the binary solvent has also no
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influence on the number of dynamic processes in the studied system that is on the contrary
influenced by the diblock copolymer concentration. The presence of diblock copolymer also
stabilizes the solutions by lowering of the T. of the used binary solvent system.

Several samples used in DLS experiments were also explored by SAXS to investigate the
possible presence a highly organized self-assembled structures in the solution. We found
that such organization does not occur in the studied systems and instead of this we
confirmed the presence of hollow micelles in the solution.

After more a detailed study we found that the structural behavior of these samples (below
the phase separation temperature of the binary solvent and at the constant content of DMF
in the mixture) is not a function of applied temperature, but is only a function of diblock
copolymer concentration. The obtained results are in good correspondence with the results
obtained by DLS, where we also observed a decrease of micellar size with increasing OB
concentration.

It was also found that after preparation of the solutions and their cooling to the
measurement temperature (i.e. below the T¢), a distinct part of both DMF and OB is
precipitated and settled at the bottom of the cuvette as predicted in ref. [79]. The micellar
solution above the sediment is therefore significantly diluted and compared to the original
concentration contains ca 30 to 50 % of both added diblock copolymer and DMF.

It is necessary to say that the micellar solutions based on hollow micelle structure can
play an important role in the delivery systems, e.g. in the medicine etc. In the inner “capsule”
of the micelle can be transported e.g. sensitive or vice versa aggressive solvents and/or
solutes to the desired place, where the hollow structure can be (at certain conditions)
“unfolded” and the content of the “mobile capsule” released for the required use.

Another possibility is to cross-link the outer shell of the hollow structure and we can obtain
a stable container suitable for e.g. protecting a reactive center, which will however still
remain attainable for low-molecular materials as solvent and gases.

At this time we of course are not able to predict a usability of the studied system e.g.
directly in the mentioned bio-application, however it is important that we enlarge the general
knowledge with another polymer / solvent combination.

Generally we can say that the POS / PBuMA combination forms a very attractive

macromolecular system that can be useful in various experiments.

For example it is possible to study its behavior in solutions of simple or binary solvents
and to widen the general understanding of polymer systems. Mutual incompatibility of both

components is also important and it is useful in self-assembly studies or applications meant
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for thin layers, and consequently it has potential usability in nanotechnology applications. It is
also possible to utilize the physical and chemical properties (as T, and/or chemical analogy)

of individual homopolymers and try to combine them e.g. with different materials to prepare
new bulk blends with tunable parameters.

It is not, of course, possible to cover all mentioned examples in this dissertation, and

therefor the POS / PBUMA system potential still offers a lot of inspiration for the other
experiments and projects.
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radius of one diblock coil appearing in micelle corona; VB: ideal volume of the coil; VC:
volume of the corona of the micelle; A: aggregation number; cB: real concentration of OB
diblock copolymer in micellar solution (w/w); cF: original OB diblock concentration in freshly
[o1g=T o= T=To [E=To] U] (1] « PRSP
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