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Chapter 1

Introduction

The phase behavior of block copolymer-containing systems can be rather complicated
and becomes increasingly more complex upon changing the macromolecular architec-
ture. This first chapter will therefore start with a stepwise introduction to polymer
thermodynamics. Several examples of complex self-assembling block copolymer sys-
tems will be given, ending with supramolecular comb-shaped copolymers. In addition,
the most essential tools required for studying both their preparation and self-assembly
will be addressed briefly.
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1.1 Thermodynamics of polymer systems

The chain-like architecture of polymers causes their phase behavior to be quite
different compared to small organic molecules. For a sufficiently high degree of
polymerization and with the absence of strong attractive interactions between
the dissimilar species (e.g. hydrogen bonding or π-π stacking), polymers are
generally known to be immiscible. This fact is in large contrast compared to
small molecular systems, as macrophase separation only occurs for chemically
highly different components. The reason for this deviating behavior can be
very well understood by the Flory-Huggins theory, a theory that was developed
independently by Maurice Huggins1 and Paul Flory2,3 in the early 1940s.

∆Gm = ∆Hm − T∆Sm (1.1)

It originates from a simple lattice model in which both enthalpic (∆Hm) and
entropic (∆Sm) terms could be derived using statistical mechanics, leading to
a full expression for the Gibbs free energy of mixing (∆Gm). A negative free
energy difference implies spontaneous mixing of all components, while a posi-
tive number would result in a phase separated system (Equation 1.1).

Figure 1.1a illustrates a 36-lattice site counting system. Each site can occupy
a segment that in turn represents a single particle (e.g. solvent molecule or
monomer). For a symmetric, binary system this would suggest the lattice be-
ing filled by equal amounts of the two species (i.e. 18 segments each). Since
upon mixing all segments are randomly distributed over the lattice, for a suf-
ficiently large system the segments will on average be positioned in the same
environment (mean-field approximation). This approximation simplifies the
problem of determining the change in enthalpy of mixing drastically.

∆Hm = znϕ(1− ϕ)
[
ε12 −

ε11 + ε22
2

]
= znϕ(1− ϕ)w (1.2)

When in a system containing n lattice positions, a particle of type 1 with a
volume fraction ϕ is transferred from a phase separated mixture (isolated 1 and
2) into a homogeneous blend, the number of neighbors of type 2 will be identical
to the product of the volume fraction of compound 2 (1 − ϕ) and the number
of nearest neighbors z (coordination number). The total change in interaction
energy (enthalpy) of the system can then be obtained by multiplying this value
by the amount of particles 1 (nϕ) and the change in energy per interaction
(ε12 − 1

2(ε11 + ε22), or w, Equation 1.2).4
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Figure 1.1: Illustration of a two-dimensional lattice model for a binary monomer (a)
and polymer blend (b).

χ ≡ zw

kBT
(1.3)

By introducing the Flory-Huggins χ-parameter (Equation 1.3), rewriting Equa-
tion 1.2 results in an enthalpy of mixing that is independent of the coordination
number z and the change in interaction energy w (Equation 1.4). kB is the
Boltzmann constant and T the absolute temperature. A positive value for χ
would imply a net energy increase on mixing, which is characteristic for dis-
persive interacting systems, while negative values can occur for certain types of
specific 1-2 interactions.

∆Hm = nkBTϕ(1− ϕ)χ (1.4)

Using the same lattice model, statistical mechanics allowed the derivation of
an expression for the entropic contribution to the Gibbs free energy of mixing
as well, starting from Boltzmann’s entropy formula. Its result is summarized
in Equation 1.5. Ni is a parameter that represents the size of component i
in number of segments and becomes important for mixtures of components of
dissimilar size. For real, more complex systems the segment volume is often
fixed at a certain value, e.g. 100 cm3·mol−1.

∆Sm = −nkB
[
ϕ

N1
lnϕ+ 1− ϕ

N2
ln(1− ϕ)

]
(1.5)

Equations 1.4 and 1.5 taken together provide the Flory-Huggins expression for
the Gibbs free energy of mixing (Equation 1.6). The result is obvious: despite
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the size of the particles, the enthalpic contribution does not change upon mixing.
The entropic contribution on the other hand is largely dependent on the size.
For polymers, which are long chain-like molecules by definition, the gain in
entropy upon mixing in blends (N1 = N2 � 100) or solutions (N1 � 100, N2 =
1) is reduced significantly compared to small molecular systems (N1 = N2 = 1).
For this reason, polymer blends are generally known to macrophase separate
spontaneously, while many small molecular systems are fully miscible, even if
the enthalpic contribution is positive.

∆Gm
nkBT

= ϕ

N1
lnϕ+ 1− ϕ

N2
ln (1− ϕ) + χϕ(1− ϕ) (1.6)

Another way to understand this large asymmetry between the interaction and
entropic contribution is as following. In contrast to mixtures of small organic
molecules, in macromolecular systems only the first segment (i.e. one chain end)
can choose its lattice position freely. Due to the connectivity the position of
every next segment in the chain is fixed, meaning that their entropy in the ho-
mogeneous state is identical to the phase separated system. Therefore, a small
unfavorable interaction (i.e. small, positive χ) will already lead to macrophase
separation (Figure 1.1b).

χ = α

T
+ β (1.7)

In practice, however, the χ-parameter is usually not regarded as a purely en-
thalpic parameter.5 For instance, systems are often not incompressible and
anisotropic monomer structures may result in nonrandom segment packing.
Such deficiencies of the original theory are then included in χ as an additional
entropic contribution β (Equation 1.7). Both enthalpy (α) and excess entropy
coefficients (β) can be determined experimentally via various techniques.

ϕc =
√
N2√

N1 +
√
N2

(1.8)

χc = χ(Tc) = 1
2

( 1√
N1

+ 1√
N2

)2
(1.9)

The phase stability of such binary mixtures is specified by the critical point,
which is defined by the critical composition ϕc of component 1 (Equation 1.8)
and the critical interaction parameter χc (Equation 1.9), and can be derived
from Equation 1.6. As phase separation then occurs for χ > χc at a composition
ϕc, the miscibility window of polymer blends in particular is indeed relatively
narrow.
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1.2 Self-assembly of diblock copolymers
Direct covalent linkage of two different macromolecular chains leads to physical
properties diverging considerably from the homopolymer blends described in
Chapter 1.1. Since in such diblock copolymers (Figure 1.2) the chains no longer
consist of isolated molecules of type A and B respectively, and miscibility of
the two components is still highly unfavorable, this connectivity confines the
phase separation to the molecular level. This phenomenon is also known as
microphase separation.

Figure 1.2: Schematic representation of a symmetric A-B diblock copolymer.

Unique nanometer-sized structures can appear spontaneously in which the in-
terfacial area between the two phases is minimized. For instance, a lamellar
morphology can be found in a self-assembled, symmetric diblock copolymer
(i.e. the length of the A block is equal to the B block), while the size of the
lamellae is determined by the total molecular weight (Figure 1.3a). Typical
dimensions of the long period (d) are in the range of 10 to 100 nm.

Because of this intriguing feature of such relatively simple materials, the field
of block copolymer science attracted both theoreticians6–8 and experimental-
ists.9–11 Besides the ability to self-assemble, when compared to homopolymers,
differences include for instance the critical phase behavior and conformational
properties as well. Whereas the critical point of symmetric homopolymer blends
(i.e. volume fraction f1 = f2 = ϕc = 0.5) is theoretically found at (χN)c = 2
(Equation 1.9, N1 = N2 = N),5 the critical point of a symmetric diblock copoly-
mer appeared to be substantially higher: (χN)c = 5.2. The reduced gain in
entropy of mixing in block copolymer melts accounts for this factor, due to the
inevitable A-B linkage. Often a value of 10.5 can be found in literature,6 but
one should note that in this case N represents the segment length of the total
copolymer, not the individual blocks. Finally, for strongly segregated lamellar
structures the chains are highly stretched as the long period d scales to N2/3,
while homopolymer melts simply follow random-walk statistics, i.e. the end-to-
end distance (or radius of gyration) is proportional to N1/2.

Minimization of the A-B interfacial tension in asymmetric diblock copolymers
(i.e. f1 6= f2) drives the system to form multiple other phases.7,11 Besides the
previously discussed lamellae, in the strong segregation regime (χN > 100) this
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can lead to self-assembly into spherical and cylindrical structures as well. Both
phases will contain essentially pure components and the A-B interface is very
sharp. Although the interface broadens at intermediate segregation strengths
(10 < χN < 100), an additional bicontinuous gyroid network morphology ap-
peared to be stable in this regime.12 The full phase behavior of diblock copoly-
mers is summarized in the phase diagram as illustrated in Figure 1.3b.

Figure 1.3: Self-assembly of symmetric AB diblock copolymers results in a lamellar
morphology with long period d (a).8 Copyright IOP Publishing (2002). Reproduced
with permission. All rights reserved. Mean-field phase diagram (b) showing additional
stable morphologies in diblock copolymer melts as a function of volume fraction of
block A (f1). SPH (spheres), CYL (cylinders), LAM (lamellae) and GYR (gyroid).
Adapted with permission from ref. 7. Copyright 1996 American Chemical Society.

In contrast to theoretical models, however, examples exist in literature where
the gyroid phase has experimentally been found to be stable in a much larger
window, up to χN = 120.13 Moreover, metastable structures, such as hexago-
nally perforated layers (HPL),14–16 further complicate interpretation of exper-
imental results.

While the product of χ and N determines the segregation regime and thus the
possible structures allowed to be formed in diblock copolymer melts, the degree
of polymerization N determines the spacing of the structure and therefore χ the
minimum size at the critical value for microphase separation (χN ≈ 10). For
this reason, a high Flory-Huggins interaction parameter allows the formation
of ordered nanostructures at relatively low molecular weights and thus gives
access to sub-5 nm domains. Such materials can be highly interesting in, for
example, advanced nanopatterning applications.17 Other applications of block
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copolymers include their use in membrane science,18 microelectronics19 and
scaffolds for the preparation of ordered materials.20,21

1.3 From triblock terpolymers to multiblock copolymers

All four stable structures have been observed experimentally in diblock copoly-
mers.22 Further developments in the field of block copolymer science were made
possible by the introduction of more advanced synthesis techniques. This en-
abled researchers to prepare more complex polymer architectures which in turn
could give rise to more unique morphologies upon microphase separation.23–25

Figure 1.4: Schematic representation of a triple lamellar morphology formed by a
linear ABC triblock terpolymer (a) and its corresponding transmission electron micro-
graph (b). Reprinted with permission from ref. 26. Copyright 1994 American Chemical
Society.

By the addition of a third block, the phase behavior becomes increasingly more
complex. Over 30 different phases have already been identified in linear ABC
triblock terpolymers.27 The first experimental example was demonstrated by
Mogi and co-workers in the early 90s and resulted in a triple lamellar morphol-
ogy in the simplest case (Figure 1.4).26

Besides depending on the composition of the copolymer fA, fB and fC (fC =
1 − fA − fB), the block sequence plays an important role on the equilibrium
morphology as well, since two additional Flory-Huggins parameters are involved
(χAB, χBC and χAC). For this reason, Baily suggested to divide the terpolymers
into three different groups, based on the relative magnitude of the interaction
parameters: non-frustrated (F 0, χAC ≥ χBC ≥ χAB), frustrated type 1 (F 1,
χBC ≥ χAC ≥ χAB) and frustrated type 2 (F 2, χBC ≥ χAB ≥ χAC) ABC
triblock terpolymers.28,29
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Figure 1.5: Experimentally determined ternary phase diagram for non-frustrated
(F 0) polyisoprene-b-polystyrene-b-poly(methyl methacrylate) triblock terpolymers.
Reprinted with permission from ref. 30. Copyright 2010 American Chemical Society.

Self-assembly of non-frustrated terpolymers often results in classical structures,
like lamellae, alternating cylinders, alternating spheres and the double-gyroid
network morphology as illustrated by the phase diagram shown in Figure 1.5.30

Frustrated terpolymers, however, regularly give rise to more unusual phase
behavior due to the tendency to reduce the unavoidable AB and/or BC in-
terface. Observed morphologies for this group include spheres on cylinders,31

core-shell structures32,33 and the bizarre knitting pattern.34 Self-consistent field
theory (SCFT) has indeed confirmed several of these both frustrated35 and non-
frustrated36,37 morphologies to be stable in certain regions of the phase diagram.

Figure 1.6: Example of a 4.6.12 Archimedean tiling pattern formed in an ABC star
terpolymer melt. Schematic representation (a) and TEM image (b). Copyright by
John Wiley & Sons, Inc. (2000). Reprinted with permission from ref. 38.
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A star-shaped ABC miktoarm terpolymer is obtained when chain ends of each
of the three different blocks are connected to a single point. Whereas the junc-
tion points of terpolymers of the linear type are aligned on two-dimensional
planes in the fully phase separated case, in star polymers they are restricted to
one-dimensional lines. Self-assembly of such macromolecules therefore leads to
completely different phase behavior. For this architecture comparable theoreti-
cal phase diagrams have been constructed using both Monte Carlo simulations39

and SCFT:40 so-called Archimedean tiling patterns were observed for star poly-
mers in which the three arms are of equal length (Figure 1.6), while hierarchical
structures (i.e. structure-in-structure) were found to be stable for highly asym-
metric arms. Although experimentally an extremely challenging task, several
groups have succeeded in the preparation of well-defined ABC miktoarm star
terpolymers. Hückstädt et al. indeed discovered the first Archimedean tiling
pattern in block copolymer melts,38 while the group of Matsushita further ex-
plored the phase diagram and indeed confirmed the previous theoretical pre-
dictions.41–43

Figure 1.7: Hierarchical parallel lamellar-in-lamellar structure formation in a sym-
metric undecablock terpolymer. Schematic (a) and electron micrograph (b). Reprinted
with permission from ref. 44. Copyright 2007 American Chemical Society.

With multiblock copolymers experimentalists pushed the limits even more of
what was synthetically possible. Masuda et al. synthesized multiple multi-
block terpolymers consisting of large outer poly(2-vinylpyridine) (P2VP) and
small, inner, alternating polystyrene (PS) and polyisoprene (PI) blocks. Linear
block copolymers consisting of up to eleven blocks were prepared via anionic
polymerization and led to hierarchical structure formation, including a paral-
lel lamellar-in-lamellar morphology (Figure 1.7).44,45 Klymko and co-workers
confirmed its stability from a theoretical point of view using the Alexander-
de Gennes approach, while dissipative particle dynamics simulations indeed
showed the spontaneous formation of both the small and large structure.46
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Figure 1.8: Parallel lamellar-in-lamellar morphology identified in linear, binary
octablock copolymer. Schematic (a) and transmission electron micrograph (b). Re-
produced from ref. 47 with permission of The Royal Society of Chemistry.

Binary linear multiblock copolymers were found to be able to form hierarchi-
cal structures as well. By simply modifying the architecture of the multiblock,
two length scales could be produced by a copolymer consisting of only two
components. In general this was achieved by having large outer blocks and
several small inner blocks, giving rise to simultaneous formation of a large and
small structure, respectively. Experimental results48 have been confirmed the-
oretically49 or vice versa.47,50 For instance, Faber et al. demonstrated a highly
unique parallel lamellar-in-lamellar structure originating from a self-assembled
octablock copolymer based on poly(styrene) and poly(p-hydroxystyrene) (Fig-
ure 1.8).

Due to the recent developments in synthetic polymer chemistry, more and more
previously only hypothetically possible polymer architectures have become ex-
perimentally accessible. In order to be able to understand their fascinating, but
complex phase behavior, collaborations between researchers from different fields
(e.g. chemistry, physics and mathematics) are inevitable. The former examples
prove this indeed to be a very powerful combination, also since the number of
publications on exotic macromolecular phase behavior is still increasing.

1.4 Supramolecular comb-shaped block copolymers

Similar to diblock copolymers, self-assembly of comb-shaped copolymers (i.e.
side chain-containing polymers) can result in the formation of ordered nanos-
tructures as well. Several preparation methods have been reported, including
all-covalent routes.51–55 However, the synthesis of such complex polymeric ar-
chitectures can be avoided by moving to supramolecular chemistry. Such an
approach allows the introduction of side chains by simply mixing a functional
homopolymer and small organic surface active molecules. A proper balance be-
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tween the attractive (polymer-head group) and repulsive (polymer-tail) forces
will result in rapid formation of an alternating, layered polymeric/amphiphilic
structure.

Supramolecular comb-shaped copolymers should be divided into two groups:
comb copolymers based on electrostatic interactions56–61 or hydrogen bonding.
The latter type deserves special attention as the reversible and temperature-
dependent bond formation could lead to more interesting thermal behavior.
Poly(4-vinylpyridine) (P4VP) is among the most investigated hydrogen bond
accepting polymers for the preparation of these supramolecular complexes. It
has been complexed successfully to several amphiphiles,62–67 with some of them
even bringing electronic68,69 or optical70–72 functionality to the system.

Figure 1.9: Self-assembly of a P4VP(3-PDP)1.0 supramolecular comb-shaped copoly-
mer (a) results in a layered, alternating polymeric/amphiphilc morphology (b). Bright
field TEM image of the P4VP(4-NDP)1.0 supramolecular complex (c). Reprinted with
permission from ref. 73. Copyright 1998 American Chemical Society.

Still one of the most studied complexes is based on non-functional alkylphe-
nol surfactants, with a tail length ranging from 15 (3-pentadecylphenol, 3-
PDP) up to 19 (4-nonadecylphenol, 4-NDP) methylene units (Figure 1.9a).74

The reversible nature of hydrogen bonding causes this complex to exhibit
unique thermal properties: due to crystallization of the aliphatic tails a layered
glassy P4VP/crystalline amphiphilic morphology is formed at room tempera-
ture (d ≈ 3− 4 nm, Figure 1.9b), while in the melt state the lamellar structure
is preserved, though slightly expanded (d ≈ 4− 5 nm). Further heating, when
passing through the so-called order-disorder transition temperature (TODT), will
finally lead to a disordered system.75 Similar properties were observed in both
stoichiometric P4VP(3-PDP)x and P4VP(4-NDP)x supramolecular complexes
(i.e. x = 1.0, x being the ratio between amphiphile and polymer), although
the greater stability of the latter allowed real-space imaging of the structure by
transmission electron microscopy (Figure 1.9c).73
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Figure 1.10: Self-assembly of a PS-b-P4VP(3-PDP)1.0 coil-comb diblock copolymer
(a) resulted in hierarchical perpendicular lamellae-in-lamellae: schematic (b) and trans-
mission electron micrograph (c). From ref. 76. Reprinted with permission from AAAS.

When combined with polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) di-
block copolymers (Figure 1.10a), simultaneous self-assembly of P4VP(3-PDP)x
and PS-b-P4VP(3-PDP)x was found to result in hierarchical structure forma-
tion.77 For example, when the comb density x was chosen such that
fP4VP(3−PDP)x

≈ fPS, the comb-coil diblock copolymer could form a perpendic-
ular lamellar-in-lamellar morphology (Figure 1.10b). Switching to the longer
alkyl tail surfactant (4-NDP) again simplified direct imaging of the structure
by electron microscopy (Figure 1.10c).78

Besides hierarchical self-assembly, the supramolecular nature of these comb-
coil diblock copolymers enabled the large structure to be tuned by adjusting
the concentration of 3-PDP or 4-NDP, without having the need to synthesize
a new copolymer. For instance, this ability gave easy access to the gyroid
morphology in various PS-b-P4VP diblock copolymers in a relatively large re-
gion of the phase diagram,79 also because the χ-parameter is expected to be
lowered by addition of surfactant.80 Later, this same approach was applied in
P4VP(3-PDP)-containing triblock terpolymers as well, yielding several fasci-
nating nanometer-sized structures, although the small amphiphilic length scale
was not observed.81

1.5 Double-comb diblock copolymers

Complexity of the in Chapter 1.4 discussed comb-coil diblock copolymer can be
increased by introduction of side chains C on the coil block as well, resulting in
what will be referred to as a double-comb diblock copolymer (Figure 1.11) in
the upcoming sections.
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Figure 1.11: Schematic representation of an (A-comb-C)-b-(B-comb-C) double-comb
diblock copolymer.

Such an (A-comb-C)-b-(B-comb-C) double-comb diblock was studied extensively
by Markov et al. from a theoretical viewpoint.82 Several regimes were investi-
gated using strong segregation theory: AC/BC immiscible, AB/C immiscible
and both AC/BC and AB/C immiscible. Phase diagrams were constructed for
each scenario. As expected, phase behavior identical to ordinary diblock copoly-
mers was observed for situations that involved a miscible block pair. Of partic-
ular interest was the fully phase separated case, since several unique hierarchi-
cally ordered structures were found to be stable. Self-assembly of a symmetric
(i.e. fA−C ≈ fB−C) double-comb diblock copolymer produced a double perpen-
dicular lamellar-in-lamellar morphology for high grafting densities, whereas low
grafting densities led to parallel orientation of the side chain-containing layer
(Figure 1.12).

Figure 1.12: Double parallel (a) and perpendicular (b) lamellar-in-lamellar orienta-
tion as found in a self-assembled symmetric double-comb diblock copolymer. Adapted
from ref. 82. Copyright 2011 by The American Physical Society.

Although primarily focused on symmetric double-combs, additional structures,
like hexagonally packed disks in lamellae, were identified for sufficiently small
fractions of A (or B). All high grafting density structures were indeed confirmed
by dissipative particle dynamics simulations.83 Experimentally double-grafted
architectures have been reported by several research groups,84,85 although in
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none of these covalent examples all three phases (A, B and C) were resolved
individually, let alone simultaneously by TEM.86,87

The first successful, hierarchically self-assembled double-comb diblock copoly-
mer was demonstrated by Faber et al.88 Instead of using a covalent approach,
the doubly grafted block copolymer was prepared using supramolecular prin-
ciples, starting from a symmetric, double hydrogen bond accepting poly(4-
vinylpyridine)-block-poly(N,N -dimethylacrylamide) (P4VP-b-PDMA) diblock
copolymer. Subsequent addition of stoichiometric quantities (x = 1.0) of the in
Chapter 1.4 discussed hydrogen bond donating 3-PDP surfactant was expected
to give the double-comb architecture (Figure 1.13a). Three different length
scales could be abstracted from small-angle X-ray scattering experiments, while
different staining techniques (see also Chapter 1.6) allowed direct imaging of the
double perpendicular lamellae-in-lamellae by TEM (Figure 1.13c and d). Rel-
ative orientation of each component is illustrated schematically by Figure 1.13b.

Figure 1.13: Self-assembled [P4VP-b-PDMA](3-PDP)1.0 (a) supramolecular double-
comb diblock copolymer. Schematic orientation of the double perpendicular lamellar-
in-lamellar structure (b). TEM images of iodine stained sections (c) and unstained
sections (d), reprinted with permission from ref. 88. Copyright 2013 American Chem-
ical Society.
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Supramolecular chemistry thus proved to be a very powerful route for realizing
the double-comb system, as complex synthesis of such all-covalent architectures
could be avoided. In addition, the grafting density could be adjusted by simply
changing the concentration of surfactant. However, so far only the double
perpendicular structure has been observed. Additional structures are expected
to be uncovered by exploring the parameters that determined the by Markov et
al. proposed phase diagram, i.e. the comb density x, composition and molecular
weight of the parent diblock copolymer.

1.6 Methods
1.6.1 Introduction
This section will deal with the most common characterization techniques for
studying block copolymer self-assembly in the bulk material, such as small-angle
X-ray scattering (SAXS), transmission electron microscopy (TEM) and their
sample preparation. However, first a brief introduction will be given concerning
the synthesis of block copolymers, with special attention to reversible addition-
fragmentation chain transfer (RAFT) polymerization.

1.6.2 Synthesis of block copolymers
Several requirements need to be fulfilled in order to be able to prepare well-
defined vinyl-based homopolymers and block copolymers, as conventional free
radical polymerization usually leads to broad molecular weight distributions
and ill-defined end groups. For this reason termination side reactions should
be suppressed effectively and the propagating end groups should remain active
throughout the complete polymerization. A number of techniques that meet
these conditions have been developed during the past decades with anionic
polymerization being the superior method in sense of controllability.89 Unfor-
tunately the high reactivity of the carbanion limits the number of compatible
monomers and applicable solvents.

Scheme 1.1: General chemical structure of the in RAFT polymerization employed
chain transfer agent (CTA).

Controlled radical polymerization (CRP) techniques solve these problems at
the cost of some loss in controllability and in addition, the reaction conditions
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are significantly milder. The most commonly employed CRP methods include
atom transfer radical polymerization (ATRP),90 nitroxide mediated polymer-
ization (NMP)91 and reversible addition-fragmentation chain transfer (RAFT)
polymerization.92 RAFT polymerization deserves special attention, since it was
found to be applicable with a large variety of monomers and in different reaction
media. With free radical polymerization as a starting point, polymers with pre-
dictable molecular weights and narrow distributions could be obtained through
addition of a reversible dithioester-containing chain transfer agent (CTA), the
so-called RAFT agent (Scheme 1.1).93

Careful design of the CTA for a specific monomer type (e.g. styrenics, methacry-
lates, acrylamides) is essential for letting a RAFT polymerization succeed, and
involves selection of a suitable Z and R-group.94 In general the R-group acts as
initiating species, and therefore often mimics functionality of commonly used
thermal initiators, while the Z-substituent determines the stability of the dor-
mant chains. Since this stability relies heavily on the type of monomer, a
large variety of Z-groups can be found in literature: dithiobenzoates, xanthates,
dithiocarbamates, trithiocarbonates, etc.

Scheme 1.2: Synthetic pathway for the polymerization of styrene by the RAFT
process.

Identical to free radical polymerization, an external supply of radicals is neces-
sary for initiation of RAFT polymerization as well. Therefore, often peroxide-
or diazo-based thermal initiators are employed. Since the concentration of
monomer is several orders of magnitude higher compared to the RAFT agent,
first oligomers will be formed before reacting with the CTA. Still, most polymer
chains will be initiated by the R-group as the ratio initiator/CTA is typically
chosen in between 1/5 and 1/20 (Scheme 1.2). Equation 1.10 therefore allows
straightforward estimation of the final molecular weight: it is determined by
the ratio of the concentration of monomer [M] and CTA, multiplied by the
conversion c and the mass of the monomer m0. Addition of the CTA’s mass
corrects for both Z and R end groups, although this factor is negligibly small
for longer polymer chains.
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Mn = [M]
[CTA]m0c+mCTA (1.10)

Scheme 1.3 demonstrates the general equilibrium of the RAFT process. Rapid
exchange between propagating and dormant, unreactive chains ensures all poly-
mers to grow to equal length, while the number of termination side reactions
is reduced by keeping the concentration of free radicals sufficiently low. Termi-
nation will happen though at high conversions via the regular combination or
disproportionation mechanisms.

Scheme 1.3: Main equillibrium between dormant and propagating species in RAFT
polymerization.

RAFT polymerization allows the preparation of diblock copolymers by sim-
ply using a previously synthesized homopolymer as RAFT agent, the so-called
macro-CTA. For instance, a PS-b-P4VP copolymer can be synthesized by start-
ing with a solution of PS, 4VP and initiator (e.g. AIBN, Scheme 1.4). Proper
extension of the PS block is, however, strongly determined by the sequence of
monomer addition, similar to anionic polymerization.95,96 Finally, more com-
plex polymer architectures, such as star polymers and ABA triblock copoly-
mers, can be produced by customizing the structure and/or functionality of the
RAFT agent.

Scheme 1.4: Reaction scheme illustrating the synthesis of a PS-b-P4VP diblock
copolymer using the macro-CTA approach.
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1.6.3 Small-angle X-ray scattering

Scattering techniques can provide useful structural information on the average
feature size in solids, liquids or any combination thereof.97 X-rays are ideally
suited for analysis of nano- to mesostructured materials, as their scattering is
relatively strong and the wavelength fits distances characteristic for such ma-
terials particularly well. Intensity in X-ray scattering experiments depends on
two factors: the so-called form factor and structure factor. The first originates
from scattering of individual particles and thus results in an interference pattern
that gives information about the shape of the particles (e.g. plates, cylinders,
spheres, etc.). It is the most important factor in dilute systems, whereas the
structure factor comes into play in more densely packed systems. In that case
the interference pattern will contain information regarding the spacing between
the particles as well. For ordered, periodic systems the interplanar distance d
can be obtained through Bragg’s Law (Equation 1.11), where λ is the wave-
length of the X-rays, θ half the scattering angle and n an integer value (i.e. order
of reflection).

nλ = 2d sin θ (1.11)

Whereas in crystallography the scattering intensity is frequently plotted against
the scattering angle 2θ, a notation based on the magnitude of the scattering
vector q is more common in soft matter physics (Equation 1.12). The great ad-
vantage of this notation is the independence of the energy of the applied X-rays
and thus the instrumentation (e.g. synchrotron radiation or Cu Kα). Therefore
the interplanar spacing d can be calculated immediately from q (Equation 1.13,
n = 1).

q = ||q|| = ||kout − kin|| =
4π sin θ
λ

(1.12)

d = 2π
q

(1.13)

Since the size of structures found in self-assembled block copolymers is generally
pretty large (nano- to mesoscale), scattering of such materials occurs at rather
small angles. In transmission mode, separation of the scattered beam from the
incident beam is then only possible with a large sample-to-detector distance.
For small-angle X-ray scattering (SAXS) experiments this distance can vary
from tens of centimeters up to several meters (Figure 1.14).
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Structure Ratio q/q*
LAM 1, 2, 3, 4, ..., n
HEX 1,

√
3,
√

4,
√

7,
√

9, ...
BCC 1,

√
2,
√

3,
√

4, ...,
√
n

FCC 1,
√

4/3,
√

8/3,
√

11/3,
√

12/3, ...
GYR 1,

√
4/3,

√
7/3,

√
8/3,

√
10/3, ...

Table 1.1: Relative peak postions (q/q*) in SAXS for most common block copolymer
morphologies.98 FCC (face-centered cubic) and BCC (body-centered cubic).

I(q) = P (q)S(q) ∝ (ρ1 − ρ2)2 (1.14)

SAXS patterns of microphase separated block copolymers often display multi-
ple intensity maxima: the lowest q-value (first order, q*) provides information
about the size of the structure, while the type of structure can be obtained from
the ratio between q* and the next Bragg reflections (i.e. q/q*). Sequences of
these diffraction peaks for most common structures observed in diblock copoly-
mers are listed in Table 1.1.98

Figure 1.14: Schematic illustration of scattering events in SAXS (a).99 SAXS setup
(b) at DUBBLE beamline BM26B (ESRF, Grenoble).100 Reproduced with permission.

The overall scattering intensity I(q) depends on the product of the previously
described structure factor S(q) (Bragg reflections) and form factor P (q) (parti-
cle shape).101 Because P (q) is proportional to the square of the electron density
difference between the two different phases (ρ1 − ρ2)2 due to interaction of X-
rays with the electrons in the material, I(q) will be determined by the electron
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density difference as well (Equation 1.14). As a result, poorly microphase sepa-
rated block copolymers with large ∆ρ could give rather good scattering maxima,
while hardly any scattering will be observed in materials with a small density
difference, even if the structure is oriented perfectly.

1.6.4 Transmission electron microscopy

Structural imperfections, defects or a low contrast reduces the scattering of self-
assembled block copolymer systems and could therefore complicate interpreta-
tion of SAXS patterns. In such cases, a complementary technique that provides
real space lattice information could help with identification of the equilibrium
morphology. For two reasons traditional light microscopy is, however, unsuit-
able in block copolymer science: (1) transparency of polymers in the visible
spectrum makes the different blocks indistinguishable and (2) the structures
are simply too small. The last argument can be understood via the Rayleigh
criterion (Equation 1.15): the smallest feature size that can be resolved (res-
olution R) at a certain wavelength λ depends on the viewing medium with
refractive index n and on the angle θ at which the optical system can emit or
accept light. Often n sin θ is also referred to as the numerical aperture NA.102

R = 0.61λ
n sin θ (1.15)

The limit of a light microscope operated in air (n = 1) at the edge of the visible
spectrum (violet light, λ ≈ 400 nm) can then be estimated to be approximately
260 nm (θ = 70◦), still larger than the typical size of morphologies found in
self-assembled block copolymers.

λe = h√
2meeV

(1.16)

Because of the wave-particle duality, all matter can also be described as waves
with an accompanying wavelength, the de Broglie wavelength. For electrons
accelerated in an electric field with potential difference V , their wavelength λe
can be calculated via Equation 1.16. For instance, when accelerated in a 100
kV field, the theoretical resolution R of an electron microscope is increased with
a factor 105 to 0.00252 nm (λe = 0.00388 nm) when compared to photons in
the visible range. In addition, different polymers do show dissimilar absorption
of electrons, making them the ideal candidate for studying block copolymer
self-assembly.
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Transmission electron microscopes (TEMs) are instruments analogue to light
microscopes: the specimen is first illuminated by a source, lenses ensure proper
focusing of the initial and transmitted beam and finally an image is formed on
a sensitive plate (Figure 1.15). Because of the fundamentally different physical
properties of electrons compared to photons, the operating principles of a TEM
are rather different: focusing and magnification is done by leading the electrons
through an electromagnetic lens system, while an image is formed as soon as
they hit a fluorescent screen or electron sensitive detector (e.g. CCD camera).

Figure 1.15: Schematic outline of a transmission electron microscope (a). Reproduced
with permission from Dept. of Physics, The Chinese University of Hong Kong.103 JEOL
JEM-2100F electron microscope (b), reproduced with permission from JEOL Ltd.104

Two mechanisms contribute to contrast formation in TEM: phase and amplitude
contrast.105,106 Amplitude contrast is caused by stronger scattering of certain
regions of the sample. Fewer electrons will be transmitted in areas of larger
thickness, higher atomic number (electrons are scattered by both the electron
cloud and nucleus) or higher degree of crystallinity (Bragg diffraction). In
conventional bright field mode only transmitted electrons are collected and
thus these areas will appear dark. By blocking the direct beam only strongly
scattered electrons are observed, resulting in a dark field image with inversed
contrast. Phase contrast on the other hand arises from interference of scattered
electrons with the direct beam. Whereas in phase contrast optical microscopy
(Frits Zernike, 1930s) an additional phase plate needs to be inserted in between
the objective lens and imaging plane, such a component is not necessary in
TEM due to imperfections of the lens system.102 For this reason structural,
periodic details can already appear by simply defocusing the sample.105
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Although several sample preparation techniques are available for studying mi-
crophase separation in block copolymer-based materials by TEM, not every
approach allows straightforward interpretation of the equilibrium morphology.
For example, a simple and commonly employed method is based on immedi-
ate drop casting of a copolymer-containing solution onto the sample holder
(TEM grid), but selectivity or rapid evaporation of the solvent could cause the
morphology to be kinetically trapped. Analysis of a true solvent or thermally
annealed bulk film by TEM is therefore the preferred route, also since the same
film can be studied by a complementary technique, like SAXS.

Figure 1.16: Leica EM UC6 ultramicrotome (a), copyright www.leica-
microsystems.com, reproduced with permission.107 Wet sectioning of an in epoxy em-
bedded polymer sample (b, c).

In order to avoid too much scattering and absorption, bulk films with micron up
to millimeter thickness should be divided into thinner sections first, preferably
in the order of magnitude of a unit cell or single grain. For block copolymers
this dimension is usually in the range of 100 nm, and therefore makes ultra-
microtomy the ideally suitable technique for obtaining thin sections of such
materials. Before being able to cut the polymer into slices, first a piece of
the bulk film needs to be embedded in a resin (as support), exposed to the
surface and trimmed into a suitable shape (e.g. trapezoid). Then the sample
is mounted in the ultramicrotome and sectioned by using a glass or diamond
knife. After being cut, thin flakes will float off onto a water bath from where
they can be transferred to a TEM grid (Figure 1.16). Certain materials can,
however, be quite troublesome: water-soluble compounds need to be cut under
dry conditions, while materials with sub-room temperature glass transitions
require low-temperature sectioning (i.e. cryomicrotomy) in order to reduce the
amount of compression.106 Although this process can be rather challenging and
time consuming, TEM analysis of such sections will provide information about
the true bulk structure.
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Scheme 1.5: Reaction schemes for staining of polystyrene by RuO4, poly(4-
vinylpyridine) by I2 and polyisoprene by OsO4.

Although already a certain degree of mass-thickness contrast can be observed
in blends of different amorphous polymers, additional (selective) staining can
help identifying the chemistry of each phase. In addition, stained sections
show increased stability in the electron beam. Most common staining agents
for polymer blends and block copolymers include osmium tetroxide (OsO4),
ruthenium tetroxide (RuO4) and iodine (I2). Whereas vapors of RuO4

108 are
known to react specifically with aromatic groups of polystyrene-based copoly-
mers, the ability of OsO4

109 to stain unsaturated hydrocarbons and alcohols al-
lows identification of materials like poly(p-hydroxystyrene), polybutadiene and
polyisoprene.106 Since the atomic number of these stained regions is increased
significantly, such phases will appear dark in bright field TEM. Iodine on the
other hand is a much milder reagent and only forms a charge-transfer complex
with certain polymers, including P2VP and P4VP. This even enables imaging
of relatively sensitive internal structures, such as the in Chapter 1.4 discussed
P4VP(3-PDP)x supramolecular comb-shaped copolymers.110 One should, how-
ever, always be careful with interpretation of stained TEM micrographs, since
high concentrations of agent may damage or alter the structure. General reac-
tion schemes are displayed in Scheme 1.5.
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1.7 Aim and outline of this thesis
Whereas a full theoretical phase diagram has been developed for double-comb
diblock copolymers,82 previously only a double perpendicular lamellar-in-
lamellar morphology with limited order has been observed experimentally.88

The main objective of this work is to enhance the order of this supramolecular
system, further explore its phase behavior and to achieve a better understand-
ing of the parameters that characterize the supramolecular double-comb diblock
copolymer.

En route towards an enhanced system, several n-alkylphenol surface active
molecules were synthesized. Self-assembly of the corresponding stoichiomet-
ric P4VP-containing supramolecular comb copolymers was studied extensively
and, as is described in Chapter 2, systematic variation of the surfactant’s ar-
chitecture led to observation of a general, but unexpected trend.

Chapter 3 focusses on the synthesis and self-assembly of poly(4-vinylpyridine)-
block-poly(N -acryloylpiperidine) (P4VP-b-PAPI), a double hydrogen bond ac-
cepting diblock copolymer. Besides the appearance of several of the classical
morphologies by adjusting its molecular weight and composition, an analysis of
the Flory-Huggins interaction parameter is included as well.

An enhanced version of the supramolecular double-comb diblock copolymer
system is presented in Chapter 4. Starting from a single, symmetric P4VP-b-
PAPI diblock copolymer, multiple unique hierarchical structures were discov-
ered by varying the side chain density. Obtained morphologies were analyzed
thoroughly and compared to the existing theoretical model.

Chapter 5 deals with a more detailed investigation of the hierarchical parallel
and perpendicular layer formation observed in symmetric double-comb diblock
copolymers. Additional, unexpected structures appeared upon variation of the
molecular weight of the parent P4VP-b-PAPI diblock. Since compared to the
all-covalent theoretical model the supramolecular approach is significantly more
complex, an explanation for the observed deviating phase behavior is provided.

After Chapters 4 and 5, a valid question would be if ordered, non-lamellar
hierarchical structures could be formed by using asymmetric P4VP-b-PAPI di-
block copolymers. Both crystallization of 3-NDP and the preferential flat block
copolymer interface were found to complicate their phase behavior seriously.
A detailed analysis of such asymmetric, semicrystalline double-comb diblock
copolymers is given in Chapter 6.


