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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).



1.6 Methods 27

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.



Chapter 2

P4VP(n-Alkylphenol)
Supramolecular Comb-Shaped
Copolymers

Self-assembly of P4VP(3-PDP)1.0 and P4VP(4-NDP)1.0 supramolecular comb-shaped
copolymers has previously been shown to have very interesting thermal properties, since
besides crystallization of 3-PDP/4-NDP’s alkyl tails, an additional order-disorder tran-
sition (ODT) was observed as well. In order to get a better insight into the processes
involved and the parameters that determine this behavior, a library consisting of differ-
ently substituted n-alkylphenol surfactant molecules was synthesized. A general trend
was found in the stoichiometric P4VP-based complexes. As expected, both the melting
point and long period of the lamellar structure increased with a longer tail length, while
surprisingly TODT only depended on the position of the hydroxyl group. Its magnitude
is assumed to be directly related to the strength of hydrogen bonding, which is highest
for the sterically least hindered surfactants (para). Additionally, critical behavior was
discovered in meta-substituted complexes: a large reduction in both Tm and TODT was
observed for a 13 methylene unit long amphiphile, while crystallization of the alkyl
tails determined the self-assembly in P4VP(3-henicosylphenol)1.0.

Parts of this chapter were published in: Macromolecules, 2015, 48, 1554−1562
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2.1 Introduction

Comb-shaped copolymers111 are an exciting class of soft condensed matter, as
their side chain architecture can lead to the formation of ordered nanostruc-
tures in bulk or solution. Similar to AB diblock copolymers, for achieving
microphase separation the repulsion of the side chains B from the main chain A
is required to be sufficiently strong. Because of the large number of variations
possible (i.e. grafting density, molecular weight, type of A/B bonding, etc.),
such systems have attracted lots of attention from both theoretical112,113 and
experimental research groups. Roughly speaking, two different approaches are
available for the introduction of the side chains: via covalent bonds51,52,114,115 or
using supramolecular chemistry. Although the balance between attraction and
repulsion in the latter type is much more delicate (macrophase separation should
be avoided at all times), the preparation of supramolecular polymer/surfactant
complexes is often simpler, as the synthesis of complicated macromolecular ar-
chitectures is not involved in this route.54,116,117

Two routes toward supramolecular comb-shaped copolymers should be distin-
guished, although both have the interplay between a polar polymer backbone
and small surface active organic molecules in common. The first route com-
prises the association of a polyelectrolyte with charged surfactants. A suffi-
ciently large aliphatic tail forces the complex to self-assemble into an alter-
nating layered neutral ionic/paraffinic structure.56–60 In this contribution we
will focus on the second route, which is based on hydrogen bonding between
donating surfactant molecules and an accepting polymer or vice versa. For
this type of supramolecular complexes poly(4-vinylpyridine) (P4VP) is one
of the most applied hydrogen bond accepting polymers. It has been com-
plexed successfully with various amphiphiles, ranging from haloperfluorocar-
bons,62 dendron-shaped molecules,65,67,118 cholesteryl hemisuccinate,64,66 octyl
gallate63 to oligothiophenes,68 azo-containing70–72 or naphthalenebisimide de-
rived surfactants69 which even introduced electronic or optical functionality
into the material.

Another surfactant that forms supramolecular comb-shaped copolymers after
complexation with P4VP is 3-pentadecylphenol (3-PDP) and was studied ex-
tensively by both our group and others, in combination with the pristine ho-
mopolymer,74 block copolymers,77,119,120 in bulk or in thin films.121–123 Besides
being very interesting for the preparation of unique (hierarchical) nanometer-
sized structures79,88,124 or using the complex as a template for the fabrication
of ordered (in)organic materials21,125–129, P4VP(3-PDP)x also displays unique
thermal behavior.
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In the P4VP homopolymer complex, for x = 1.0 (x denotes the number of am-
phiphilic molecules added per pyridine group) 3-PDP’s aliphatic tail is partially
crystallized at room temperature, while hydrogen bonding between its phenol
group and P4VP results in a microphase separated alternating crystalline 3-
PDP/glassy P4VP layered structure with a long period of roughly 4 nm (Scheme
2.1). Upon heating, the crystalline structure disappears around 30 ◦C, although
a liquid crystalline lamellar, but slightly expanded structure remains all the
way up to 65 ◦C. When passing through this so-called order-disorder transition
temperature (TODT) a disordered melt is obtained as evidenced by small-angle
X-ray scattering (SAXS), differential scanning calorimetry (DSC), polarized
optical microscopy (POM) and dynamic mechanical spectroscopy (DMS).75,130

All thermal events were found to be fully reversible.

Scheme 2.1: Self-assembly of P4VP(n-alkylphenol)1.0 results in the formation of a
layered, alternating P4VP/amphiphilic structure. For P4VP(3-PDP)1.0 the hydroxyl
group is located at the meta position, m = 14 and the long period d ≈ 4 nm.

Besides allowing real-space imaging of the morphology in P4VP(4-NDP)1.0 by
transmission electron microscopy (TEM), extending the tail with four methy-
lene units (19 total) and moving the hydroxide group to the para position (4-
nonadecylphenol) led to a change in the thermal properties of the complex as
well.73 As would be expected, the melting temperature increased significantly
due to the enhanced crystallization of the tail (Tc = 55 ◦C), but very surpris-
ingly the ODT was observed around 100 ◦C. Although this remarkable 35 ◦C
difference was initially thought to be predominantly caused by the stronger re-
pulsion of this elongated alkyl tail, no additional proof was provided whether
it was induced by the hydroxyl position, the longer alkyl tail or a combination
of both. In order to obtain a better understanding of the mechanism behind
the self-assembly of P4VP(n-alkylphenol) supramolecular comb-shaped copoly-
mers, in this chapter a detailed and systematic study will be presented on how
both the tail length (13 to 21 methyl groups) and hydroxyl position (para, meta
and ortho) affect their stability, structure and thermal properties.



36 P4VP(n-Alkylphenol) Supramolecular Comb-Shaped Copolymers

2.2 Experimental
2.2.1 Materials
Poly(4-vinylpyridine) (P4VP, Mn = 26.1 kg·mol−1, Mw/Mn = 1.17) was syn-
thesized by reversible addition-fragmentation chain transfer (RAFT) polymer-
ization using DIBTTC as chain transfer agent (see also Chapter 3). Magnesium
(Acros Organics, pure), 1-bromododecane (TCI, >98.0%), 1-bromotetradecane
(Acros Organics, ≥97.5%), 1-bromohexadecane (Sigma-Aldrich, ≥96.5%), 1-
bromooctadecane (Sigma-Aldrich, ≥97.0%), 1-bromoeicosane (TCI, >95.0%),
2-methoxybenzaldehyde (TCI, >98.0%), 3-methoxybenzaldehyde (Sigma-
Aldrich, ≥96.5%), 4-methoxybenzaldehyde (Acros Organics, ≥99.0%), tetrahy-
drofuran (THF, Acros Organics, 99.5%, extra dry, AcroSeal), hydriodic acid
(Acros Organics, 57 wt%, stabilized), red phosphorus (Acros Organics, ≥96.0%),
dichloromethane (DCM, Sigma-Aldrich, anhydrous, ≥99.8%) and boron tribro-
mide (Sigma-Aldrich, 1.0 M solution in DCM) were used as received. All other
solvents were of analytical grade.

2.2.2 Synthesis of n-alkylphenols
The amphiphiles 2-pentadecylphenol (2-PDP), 2-heptadecylphenol (2-HDP),
2-nonadecylphenol (2-NDP), 3-tridecylphenol (3-TDP), 3-pentadecylphenol (3-
PDP), 3-heptadecylphenol (3-HDP), 3-nonadecylphenol (3-NDP), 3-henicosyl-
phenol (3-HEP), 4-pentadecylphenol (4-PDP), 4-heptadecylphenol (4-HDP) and
4-nonadecylphenol (4-NDP) were prepared according to a three-step mehod. It
involves a Grignard reaction for coupling the head to the tail, reduction of
the introduced hydroxyl group using red phosphorus/toluene/hydriodic acid131

and deprotection of the phenol group using boron tribromide.132 By simply
selecting the appropriate alkyl bromide (tail length) and methoxybenzaldehyde
(para, meta or ortho) this route allows the synthesis of any n-alkylphenol pos-
sible. A general experimental procedure is provided below.

Synthesis of Precursor 1. For the first step 2.5 eq freshly ground magne-
sium turnings were added to a reflux setup under argon atmosphere and were
activated using a small crystal of iodine. After that, the metal was covered
under a layer of anhydrous THF (∼10 ml). Then a solution of the alkylbro-
mide (1 eq) in anhydrous THF (1.2 ml/mmol bromide) was added dropwise to
the heated (60 ◦C) magnesium suspension using a syringe and was refluxed for
3 h afterwards. The resulting dark clear solution was cooled to 0 ◦C using an
ice bath, 1.05 eq of the appropriate methoxybenzaldehyde in anhydrous THF
(0.6 ml/mmol aldehyde) was added slowly and the reaction mixture was finally
refluxed overnight. Next, the dark yellow solution was cooled again to 0 ◦C,
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quenched with one portion 1.0 M HCl (twice the volume of THF), extracted
with 3 portions DCM, washed with one portion brine and dried over magnesium
sulfate. The solvents were removed under reduced pressure giving an off-white
to yellow solid on cooling to room temperature. Purification of the crude com-
pound was achieved by column chromatography using DCM as eluent, affording
Precursor 1 as a hard white solid (∼60% yield).

Synthesis of Precursor 2. Precursor 2 was prepared by heating a solution of
Precursor 1 (4 ml toluene/mmol) in the presence of red phosphorus and hydr-
iodic acid (molar ratio 1/1/5) at 80 ◦C under argon atmosphere overnight. The
brown/red mixture was cooled to room temperature and diluted with water
(8 ml/mmol) and one portion DCM (8 ml/mmol). The biphasic medium was
transferred to a separation funnel and the colorless aqueous layer was extracted
with another two portions DCM. Combining the organic fractions, washing
twice with 10 wt % sodium thiosulfate (12 ml/mmol, each) and drying over
magnesium sulfate afforded a clear, slightly yellow solution. Concentrating in
vacuo resulted in a dark yellow/orange oil or waxy solid, depending on the
length of the alkyl tail and the position of the methoxy group (∼90% yield).
Precursor 2 was used in the third step without further purification.

Synthesis of n-alkylphenol. Precursor 2 was dissolved in anhydrous DCM
(5 ml/mmol) in a Schlenk flask under argon atmosphere. The reaction mixture
was then cooled to 0 ◦C using an ice bath and 1.1 eq boron tribromide solution
(1.0 M in DCM) was added dropwise using a syringe. When finished, the
solution was allowed to warm up slowly overnight, quenched with water (5
ml/mmol) and stirred for about 1 h at room temperature. Subsequently it was
diluted with more water (2 ml/mmol) and DCM (5 ml/mmol), resulting in an
orange to pink organic layer and a colorless aqueous layer. The mixture was
transferred to a separation funnel and neutralized by the addition of a 1.0 M
sodium hydroxide solution. The water fraction was then extracted with two
portions DCM (10 ml/mmol, each) and the combined organic fractions were
washed with one portion brine. Drying over magnesium sulfate and removing
the solvents under reduced pressure gave a yellow to brown solid. Purification
of the crude product by flash chromatography using DCM (para and meta
alkylphenols) or toluene (ortho) as eluent afforded the n-alkylphenol as a white
to off-white solid (∼60% yield).
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2.2.3 Sample preparation

Stoichiometric (x = 1.0) supramolecular complexes were prepared by dissolving
ca. 150 mg of material (polymer together with the calculated amount of surfac-
tant) in N,N -dimethylformamide (2 wt%) and casting these solutions into glass
Petri dishes (d = 4 cm). Complete evaporation of the solvent in a DMF atmo-
sphere was achieved in approximately 4 days by heating the dishes to 55 ◦C.
The complexes were finally annealed at 130 ◦C for about 1 h and slowly cooled
back to room temperature.

Ultrathin sections (60 to 80 nm) for TEM were obtained by microtoming in
epoxy (Epofix, Electron Microscopy Sciences) embedded pieces of the
P4VP(NDP)1.0 films using a Leica Ultracut UCT ultramicrotome equipped
with a 35◦ DiATOME diamond knife. Enhanced contrast in TEM was realized
by staining the sections with iodine for 30 min.

2.2.4 Characterization
1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a 400
MHz Varian VXR operating at room temperature using deuterated chloroform
(CDCl3) as solvent.

Attenuated total reflection (ATR) infrared spectroscopy was carried out on a
Bruker IFS88 equipped with an MCT-A detector at a resolution of 4 cm−1.

Differential scanning calorimetry (DSC) was performed on a TA Instruments
DSC Q1000 by heating the samples to 150 ◦C and cooling to −50 ◦C at a rate
of 10 ◦C·min−1. The second heating cycle was used for analysis.

Polarized optical microscopy (POM) was conducted on a Zeiss Axiophot. Sam-
ples were prepared by sandwiching a piece of the polymer film between two
glass slides, heated above the ODT and subsequently slowly cooled to room
temperature. The contrast was improved by inserting a λ wave plate between
the crossed polarizers.

Temperature-resolved small-angle X-ray scattering (SAXS) measurements were
carried out on a modified Bruker NanoStar setup combined with a MicroStar
X-ray source (sample-to-detector distance 24 cm). The scattering vector q is de-
fined as q = 4π/λ sin θ with 2θ being the scattering angle and λ the wavelength
of the X-rays (1.54 Å). Data were collected for 3 min per scan.
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Sections of the iodine stained P4VP(NDP)1.0 complexes were analyzed on a
Philips CM12 transmission electron microscope operating at an accelerating
voltage of 120 kV. TEM images were recorded on a Gatan slow-scan CCD
camera.

2.3 Results and discussion

2.3.1 Synthesis of the amphiphiles

Although comb-shaped block copolymers based on P4VP(4-NDP) have previ-
ously been shown to result in more stable complexes, enhanced self-assembly
and structures that are easier to image by TEM,78 most research groups have
focused on P4VP(3-PDP) for the simple reason that 3-PDP is commercially
available. The literature available on P4VP(4-NDP) includes a synthesis route
involving a Grignard reaction and simultaneous reduction/deprotection based
on hydriodic acid/red phosphorus and should allow the preparation of any n-
alkylphenol.73 However, when we tried to apply this method, it turned out that
4-NDP is indeed formed, but it is accompanied by a large number of impurities
making isolation of the surfactant quite challenging. After connection of the
head to the tail via a simple Grignard reaction (Scheme 2.2), splitting this com-
bined reduction/deprotection into two separate steps under milder conditions
increased the final yield and reduced the impurity level significantly (Scheme
2.3 and Scheme 2.4).

Scheme 2.2: General route for the synthesis of Precursor 1 via a Grignard reaction.

Multiple n-alkylphenol surfactants have been synthesized successfully following
this route, with varying tail length (13 to 21 carbons) and hydroxide position
(ortho, meta and para). A complete overview is provided in Table 2.1.

Characteristic 1H-NMR spectra of each step for the synthesis of 4-NDP are pro-
vided in Figure 2.1. The presence of a benzylic proton (δ = 4.6 ppm) indicates
successful coupling of the bromoalkane and anisaldehyde, while its disappear-
ance is typical for the reduction step. Finally, deprotection of the phenol group
is obvious due to the appearance of a single, sharp peak at 4.6 ppm.
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Scheme 2.3: Reduction of Precursor 1 using aqeous hydriodic acid (HI) and red
phosphorus (P red) leads to Precursor 2.

Scheme 2.4: Deprotection of Precursor 2 using boron tribromide (BBr3) provides the
desired n-alkylphenol.

n-alkylphenol Full name Tail length Substitution
2-PDP 2-pentadecylphenol 15 ortho
2-HDP 2-heptadecylphenol 17 ortho
2-NDP 2-nonadecylphenol 19 ortho
3-TDP 3-tridecylphenol 13 meta
3-PDP 3-pentadecylphenol 15 meta
3-HDP 3-heptadecylphenol 17 meta
3-NDP 3-nonadecylphenol 19 meta
3-HEP 3-henicosylphenol 21 meta
4-PDP 4-pentadecylphenol 15 para
4-HDP 4-heptadecylphenol 17 para
4-NDP 4-nonadecylphenol 19 para

Table 2.1: Overview of the n-alkylphenol amphiphiles studied in this chapter.
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Figure 2.1: 1H-NMR spectra of 4-NDP, Precursor 2 and Precursor 1.

Figure 2.2: 13C-NMR spectra of 4-NDP, Precursor 2 and Precursor 1.
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Figure 2.3: IR spectra of of 4-NDP, Precursor 2 and Precursor 1.

Similar features can be found in 13C-NMR (55 and 75 ppm, Figure 2.2), while
the infrared spectroscopy shown in Figure 2.3 clearly demonstrate the presence
of hydroxyl functional groups (ν̃ ≈ 3300 cm−1) in Precursor 1 and 4-NDP. Full
characterization of all other n-alkylphenols is listed below.

2-pentadecylphenol (2-PDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.1 - 1.4 (m, 12 CH2), 1.61 (m, CH2), 2.59 (t,
CH2), 4.64 (s, ArOH), 6.75 (d, ArH), 6.86 (t, ArH), 7.09 (m, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.4 - 29.9, 31.9, 115.1, 120.7, 127.0, 128.6, 130.1, 153.3.
FT-IR: ν̃ (cm−1) = 3271 (O-H), 3074 (Ar C-H), 1589 (C=C), 1459 (C=C), 1223
(C-O), 749 (Ar C-H). EA: C 82.73% (calc. 82.83%) H 12.11% (calc. 11.92%).
DSC: Tm = 51.7 ◦C, Tc = 32.7 ◦C.

2-heptadecylphenol (2-HDP)
1H-NMR: δ (ppm) = 0.89 (t, CH3), 1.2 - 1.4 (m, 14 CH2), 1.61 (m, CH2), 2.60 (t,
CH2), 4.65 (s, ArOH), 6.76 (d, ArH), 6.87 (t, ArH), 7.10 (m, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.4 - 29.9, 31.9, 115.1, 120.7, 127.0, 128.6, 130.1, 153.3.
FT-IR: ν̃ (cm−1) = 3287 (O-H), 3074 (Ar C-H), 1589 (C=C), 1461 (C=C), 1225
(C-O), 746 (Ar C-H). EA: C 83.47% (calc. 83.07%) H 12.48% (calc. 12.12%).
DSC: Tm = 59.2 ◦C, Tc = 43.7 ◦C.



2.3 Results and discussion 43

2-nonadecylphenol (2-NDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 16 CH2), 1.61 (m, CH2), 2.60 (t,
CH2), 4.64 (s, ArOH), 6.76 (d, ArH), 6.87 (t, ArH), 7.10 (m, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.4 - 29.9, 31.9, 115.1, 120.7, 127.0, 128.5, 130.1, 153.3.
FT-IR: ν̃ (cm−1) = 3301 (O-H), 3042 (Ar C-H), 1589 (C=C), 1459 (C=C), 1228
(C-O), 749 (Ar C-H). EA: C 83.52% (calc. 83.27%) H 12.64% (calc. 12.30%).
DSC: Tm = 64.6 ◦C, Tc = 47.0 ◦C.

3-tridecylphenol (3-TDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 10 CH2), 1.59 (m, CH2),
2.55 (t, CH2), 4.69 (s, ArOH), 6.65 (m, 2 ArH), 6.74 (d, ArH), 7.13 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.3, 145.0, 155.4. FT-IR: ν̃ (cm−1) = 3322 (O-H), 3035 (Ar C-H), 1586
(C=C), 1461 (C=C), 1255 (C-O), 783 (Ar C-H). EA: C 82.56% (calc. 82.54%)
H 11.68% (calc. 11.67%). DSC: Tm = 41.1 ◦C, Tc = 11.4 ◦C.

3-pentadecylphenol (3-PDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 12 CH2), 1.59 (m, CH2),
2.55 (t, CH2), 4.67 (s, ArOH), 6.65 (m, 2 ArH), 6.75 (d, ArH), 7.13 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.3, 145.0, 155.4. FT-IR: ν̃ (cm−1) = 3283 (O-H), 3043 (Ar C-H), 1592
(C=C), 1460 (C=C), 1251 (C-O), 786 (Ar C-H). EA: C 82.72% (calc. 82.83%)
H 11.94% (calc. 11.92%). DSC: Tm = 50.8 ◦C, Tc = 25.9 ◦C.

3-heptadecylphenol (3-HDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.1 - 1.4 (m, 14 CH2), 1.60 (m, CH2),
2.55 (t, CH2), 4.64 (s, ArOH), 6.66 (m, 2 ArH), 6.76 (d, ArH), 7.14 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.3, 145.0, 155.4. FT-IR: ν̃ (cm−1) = 3301 (O-H), 3043 (Ar C-H), 1592
(C=C), 1463 (C=C), 1256 (C-O), 784 (Ar C-H). EA: C 82.80% (calc. 83.07%)
H 12.08% (calc. 12.12%). DSC: Tm = 54.8 ◦C, Tc = 30.7 ◦C.

3-nonadecylphenol (3-NDP)
1H-NMR: δ (ppm) = 0.89 (t, CH3), 1.1 - 1.4 (m, 16 CH2), 1.60 (m, CH2),
2.55 (t, CH2), 4.63 (s, ArOH), 6.66 (m, 2 ArH), 6.76 (d, ArH), 7.14 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.4, 145.0, 155.4. FT-IR: ν̃ (cm−1) = 3315 (O-H), 3041 (Ar C-H), 1590
(C=C), 1460 (C=C), 1223 (C-O), 786 (Ar C-H). EA: C 82.98% (calc. 83.27%)
H 12.19% (calc. 12.30%). DSC: Tm = 61.8 ◦C, Tc = 42.2 ◦C.
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3-henicosylphenol (3-HEP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 18 CH2), 1.59 (m, CH2),
2.55 (t, CH2), 4.64 (s, ArOH), 6.65 (m, 2 ArH), 6.76 (d, ArH), 7.14 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.3, 145.0, 155.3. FT-IR: ν̃ (cm−1) = 3273 (O-H), 3046 (Ar C-H), 1594
(C=C), 1460 (C=C), 1258 (C-O), 784 (Ar C-H). EA: C 83.54% (calc. 83.44%)
H 12.77% (calc. 12.45%). DSC: Tm = 69.5 ◦C, Tc = 50.0 ◦C.

4-pentadecylphenol (4-PDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.1 - 1.4 (m, 12 CH2), 1.56 (m, CH2),
2.52 (t, CH2), 4.59 (s, ArOH), 6.74 (d, 2 ArH), 7.05 (d, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.2 - 29.7, 31.7, 31.9, 35.0, 115.0, 129.4, 135.2, 153.3.
FT-IR: ν̃ (cm−1) = 3351 (O-H), 3056 (Ar C-H), 1617 (C=C), 1518 (C=C),
1460 (C=C), 1258 (C-O), 824 (Ar C-H). EA: C 82.73% (calc. 82.83%) H 11.87%
(calc. 11.92%). DSC: Tm = 72.5 ◦C, Tc = 69.1 ◦C.

4-heptadecylphenol (4-HDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 14 CH2), 1.56 (m, CH2),
2.52 (t, CH2), 4.58 (s, ArOH), 6.75 (d, 2 ArH), 7.04 (d, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.7, 31.9, 35.0, 115.0, 129.4, 135.2, 153.3.
FT-IR: ν̃ (cm−1) = 3364 (O-H), 3051 (Ar C-H), 1617 (C=C), 1516 (C=C),
1460 (C=C), 1258 (C-O), 822 (Ar C-H). EA: C 83.27% (calc. 83.07%) H 12.46%
(calc. 12.12%). DSC: Tm = 79.0 ◦C, Tc = 75.5 ◦C.

4-nonadecylphenol (4-NDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 16 CH2), 1.56 (m, CH2),
2.53 (t, CH2), 4.55 (s, ArOH), 6.74 (d, 2 ArH), 7.04 (d, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.7, 31.9, 35.0, 115.0, 129.4, 135.2, 153.3.
FT-IR: ν̃ (cm−1) = 3392 (O-H), 3028 (Ar C-H), 1614 (C=C), 1518 (C=C),
1463 (C=C), 1258 (C-O), 822 (Ar C-H). EA: C 83.31% (calc. 83.27%) H 12.30%
(calc. 12.30%). DSC: Tm = 83.5 ◦C, Tc = 79.8 ◦C.

2.3.2 P4VP(NDP)1.0: para vs meta vs ortho

Even though the para-substituted analogue of complexes based on nonade-
cylphenol (NDP) and P4VP has been studied before, in this first part we would
like to emphasize the impact of the hydroxyl position (ortho, meta and para)
on the thermal and structural properties. The importance of the tail length will
be covered in the second part of this chapter, although slightly less extensive
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compared to the examples given here for the 19 methylene unit long surfactants.
Stoichiometric supramolecular complexes (i.e. x = 1.0) were studied only.

Figure 2.4: FT-IR spectra of P4VP(4-NDP)1.0 (a), P4VP(3-NDP)1.0 (b) and
P4VP(2-NDP)1.0 (c) supramolecular complexes.

Hydrogen bonding between the pyridine and phenol group in all three complexes
(P4VP(2-NDP)1.0, P4VP(3-NDP)1.0 and P4VP(4-NDP)1.0) was investigated by
infrared spectroscopy. The hydrogen bond acceptance capability of P4VP can
be monitored by looking at the shifts of the pyridine ring stretching modes at
1597, 1415 and 993 cm−1.119,133 P4VP(4-NDP)1.0 indeed clearly shows band
shifts of the lowest two wavenumbers (993 → 1007 cm−1 and 1414 → 1420
cm−1), but analysis of the third absorption band (1595 cm−1) is not possible
due to overlap with 4-NDP (Figure 2.4a). All three characteristic shifts can be
observed distinctly in the P4VP(3-NDP)1.0 complex: 993 → 1007 cm−1, 1414
→ 1420 cm−1 and 1595→ 1600 cm−1 (Figure 2.4b). P4VP(2-NDP)1.0 faces the
same problem as 4-NDP (Figure 2.4c): overlap with uncomplexed surfactant
hinders examination of the band at 1595 cm−1, but the presence of hydrogen
bonding is clearly evidenced by shifts of the lower two frequencies (1414→ 1419
cm−1, 993 → 1007 cm−1). While the magnitude of the measured differences
are in all cases similar to the behavior characterized in P4VP(3-PDP)1.0,74 the
shoulders observed at the lower frequency side of the 1007 cm−1 band could
indicate incomplete complex formation for 2-NDP and 4-NDP. Free pyridine is
completely absent in the 3-NDP-based comb polymer.

DSC thermograms of P4VP(2-NDP)1.0, P4VP(3-NDP)1.0 and P4VP(4-NDP)1.0
are shown in Figure 2.5a. All supramolecular complexes are crystalline at room
temperature and the melting temperature increases when moving from the or-
tho to the para position (Tm = 45, 55 and 64 ◦C, respectively). This increment
is probably caused by an increasing efficiency of the packing of the alkyl chains.
Additionally, small endothermic events can be observed in the stoichiometric
3-NDP and 4-NDP complexes (at 69 and 97 ◦C), which correspond to the pre-
viously discussed order-disorder transition (ODT). Such a process is completely
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absent in P4VP(2-NDP)1.0. Lastly it should be remarked that macrophase sep-
arated NDP could not be identified in all three complexes, since their melting
point differs significantly from the pristine surfactant.

Figure 2.5: DSC thermograms of stoichiometric P4VP/NDP complexes with varying
hydroxyl position (ortho, meta and para) (a). POM images of P4VP(NDP)1.0 taken
at T < Tm (b, c, d), Tm < T < TODT (e, f, g) and T > TODT (h, i).

POM images recorded at a sufficiently low temperature support this data, as
P4VP(2-NDP)1.0, P4VP(3-NDP)1.0 and P4VP(4-NDP)1.0 all show a granular
texture which confirms their crystalline nature. Upon bringing the complexes
into the melt, birefringence is no longer observed in P4VP(2-NDP)1.0, while
a smectic phase can still be identified in both P4VP(3-NDP)1.0 and P4VP(4-
NDP)1.0. Further heating above TODT resulted in an optically isotropic melt
(Figures 2.5b-i).

Figure 2.6: SAXS profiles of P4VP(NDP)1.0 recorded at room temperature (a) and
above their melting point (b).
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Room temperature SAXS intensity profiles display two (2-NDP, q* = 1.7 nm−1)
or three (3-NDP and 4-NDP, q* = 1.6 nm−1) scattering maxima with a ratio of
1q* : 2q* : 3q* (Figure 2.6a) suggesting that all three complexes self-assemble
into a lamellar morphology with a domain spacing ranging from 3.7 nm (2-NDP)
to 3.9 nm (3-NDP and 4-NDP). Apparently the hydrogen bonding between
P4VP and the highly sterically hindered ortho position is still sufficiently strong
for allowing P4VP(2-NDP)1.0 to microphase separate into a layered nanostruc-
ture. Because of 2-NDP’s bent architecture the packing inside the complex is
expected to deviate from 3-NDP and 4-NDP, resulting in a slightly smaller long
period (∆d = 0.2 nm). TEM micrographs of iodine stained sections confirm
the formation of such small lamellae, although this minor difference cannot be
abstracted from the images due to the application of a staining agent and the
orientation of the structure (Figure 2.7).

Figure 2.7: Room temperature TEM micrographs of P4VP(2-NDP)1.0 (a), P4VP(3-
NDP)1.0 (b) and P4VP(4-NDP)1.0 (c). P4VP appears dark due to staining with iodine
(30 min).

In order to gain further insight into the mechanism responsible for the self-
assembly of P4VP(NDP)1.0 supramolecular complexes, temperature-resolved
SAXS measurements were performed as well. When heated just above their
melting temperature, the first-order scattering maxima of P4VP(3-NDP)1.0
and P4VP(4-NDP)1.0 shift to a lower q-value (q* ≈ 1.5 nm−1, Figure 2.6b),
which implies expansion of the lamellar structure into the liquid crystalline
state (d = 4.1 and 4.2 nm, respectively). This increase is caused by a less
efficient packing mechanism of the alkyl tails, identical to the behavior ob-
served in P4VP(3-PDP)1.0.75 P4VP(2-NDP)1.0 on the other hand only shows a
broad signal (i.e. correlation hole peak) above its melting point, indicating the
transition to a fully disordered state. Further heating of P4VP(3-NDP)1.0 and
P4VP(4-NDP)1.0 above their ODT (69 and 97 ◦C, respectively) also resulted in
complete disappearance of the ordered structures. Full temperature scans in
the range from 20 to 120 ◦C can be found in Figure 2.8.
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Figure 2.8: Temperature-resolved SAXS intensity profiles of P4VP(2-NDP)1.0 (a),
P4VP(3-NDP)1.0 (b) and P4VP(4-NDP)1.0 (c) in the range 20− 120 ◦C.

When cooled from the liquid, disordered state (above ODT), the position of
the hydroxyl group apparently strongly affects the self-assembly of the NDP-
based complexes: P4VP(4-NDP)1.0 and P4VP(3-NDP)1.0 already form a liquid
crystalline lamellar structure in the molten state, while enhanced ordering of
P4VP(2-NDP)1.0 is only observed upon crystallization. These findings very
nicely illustrate the beauty of the delicate balance between attractive and re-
pulsive forces needed for the formation of an ordered supramolecular complex.
Although the repulsion is identical in all three comb-shaped copolymers (19
methylene units), the attraction (hydrogen bonding) in the 2-NDP-based com-
plex is simply insufficiently strong in the melt compared to 3-NDP and 4-NDP.
The highly favorable crystallization of the tail compensates for this deficiency
and still allows the complex to self-assemble into a layered morphology, i.e. the
ordering is crystallization induced. Since the pKas of o-, m- and p-cresol are al-
most identical,134 the substituent effect is believed to hardly affect the donating
ability of the n-alkylphenols. For this reason, the absence of an additional ODT
in P4VP(2-NDP)1.0 must be caused by a purely steric effect135,136 and therefore
immediately explains the 28 ◦C difference in TODT between P4VP(3-NDP)1.0
and P4VP(4-NDP)1.0. Finally, in contrast to the FT-IR measurements, SAXS
did not provide any evidence for the presence of macrophase separated surfac-
tant since their scattering patterns differ significantly from the supramolecular
complexes (Figure 2.9). Therefore, non-hydrogen-bonded 2-NDP and 4-NDP
are presumably solubilized within the aliphatic, complexed matrix, causing the
appearance of free pyridine in the IR spectra.
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Figure 2.9: Room temperature SAXS patterns of n-alkylphenol surfactants, sorted
by substitution: ortho position (a), meta position (b) and para position (c).

2.3.3 Influence of tail length

Two other para-substituted surfactants were prepared and stoichiometrically
complexed to P4VP: 4-pentadecylphenol (4-PDP) and 4-heptadecylphenol (4-
HDP). According to SAXS (Figure 2.10) both form a lamellar morphology at
room temperature (d = 3.5 nm (4-PDP) and 3.6 nm (4-HDP)), with macrophase
separated amphiphiles being fully absent.

Figure 2.10: Room temperature SAXS patterns of para-substituted P4VP-based
supramolecular complexes (P4VP(4-PDP)1.0, P4VP(4-HDP)1.0 and P4VP(4-NDP)1.0).

The DSC thermograms in Figure 2.11a demonstrate the expected melting be-
havior of the comb-shaped copolymers: it increases with roughly 6 ◦C per
methylene unit. However, surprisingly the small endothermic process known as
the ODT can be identified at approximately the same position (94 and 96 ◦C).
Temperature-resolved SAXS (Figure 2.12) proves this by showing expansion of
the layered structure upon melting (3.8 and 4.0 nm) and its presence up to this
point, identical to P4VP(4-NDP)1.0.
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Figure 2.11: DSC thermograms of stoichiometric para- (a), meta- (b) and ortho-
substituted (c) P4VP-based comb-shaped copolymers with varying alkyl tail length.

A larger library of meta-substituted n-alkylphenols was synthesized: 3-tridecyl-
phenol (3-TDP), 3-pentadecylphenol (3-PDP), 3-heptadecylphenol (3-HDP), 3-
nonadecylphenol (3-NDP) and 3-henicosylphenol (3-HEP). Similar to the para-
substituted complexes, P4VP(3-PDP)1.0 and P4VP(3-HDP)1.0 show a lowered
melting temperature compared to P4VP(3-NDP)1.0, while their ODT remains
approximately constant (Figure 2.11b: 63 and 67 ◦C, respectively). SAXS mea-
surements confirm this picture (Figure 2.13) and reveal their self-assembly into
an ordered lamellar structure in the crystalline state (Figure 2.14a).

Figure 2.12: Temperature-resolved SAXS profiles of para-substituted n-alkylphenol
complexes: P4VP(4-PDP)1.0 (a) and P4VP(4-HDP)1.0 (b).

Although increasing the tail length to 21 carbon atoms still allowed P4VP(3-
HEP)1.0 to form lamellae (SAXS, Figure 2.14a), an additional thermal event
(ODT) could no longer be observed in DSC. On cooling, however, at 65 ◦C (just
before crystallization) the intensity of the first-order scattering maximum is sev-
eral times higher compared to room temperature, while the 2nd and 3rd order
are not visible yet (Figure 2.14b). Although a difference in spacing could not



2.3 Results and discussion 51

Figure 2.13: Temperature-resolved SAXS profiles of meta-substituted n-alkylphenol
complexes with increasing tail length: P4VP(3-TDP)1.0 (a) P4VP(3-PDP)1.0 (b),
P4VP(3-HDP)1.0 (c) and P4VP(3-HEP)1.0 (d).

Figure 2.14: SAXS profiles of meta-substituted P4VP-based complexes recorded
below their melting point (T < Tm) (a). SAXS patterns of P4VP(3-HEP)1.0 obtained
at 65 ◦C and 60 ◦C on cooling from the melt (b).
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be detected (4.1 nm), this could indicate the formation of lamellae in the melt,
just before crystallization of the aliphatic tails. Lowering the tail length on the
other side of the spectrum also led to a deviating behavior. Thirteen methy-
lene units in P4VP(3-TDP)1.0 resulted in a significant drop of both the ODT
(TODT = 58 ◦C) and melting temperature (Tm = 3 ◦C) compared to P4VP(3-
PDP)1.0 (TODT = 63 ◦C, Tm = 29 ◦C) (Figure 2.11b). In addition, similar
to P4VP(3-HEP)1.0 the lamellar thickness in the melt did not differ from the
crystalline state (3.4 nm, Figure 2.14a) and was found to be even larger than
P4VP(3-PDP)1.0 (3.3 nm). The relative broad melting point could indicate a
less advantageous crystallization process in this complex and therefore might
not lead to a reduced long period.

Figure 2.15: SAXS patterns of P4VP(2-PDP)1.0, P4VP(2-HDP)1.0 and P4VP(2-
NDP)1.0 supramolecular complexes measured at T < Tm. P4VP(2-PDP)1.0 was cooled
with liquid nitrogen and analyzed immediately.

When moving to the ortho position, stoichiometric complexation of P4VP with
2-HDP led to a reduced melting temperature (Tm = 32 ◦C, Figure 2.11c) and
long period of the lamellar morphology (3.5 nm, Figure 2.15) compared to
P4VP(2-NDP)1.0. Moreover, no separate ODT could be observed in both DSC
and SAXS (Figure 2.16). P4VP(2-PDP)1.0, on the other hand, is fully disor-
dered at room temperature, although rapid cooling well below its melting point
(Tm = 13 ◦C, Figure 2.11c) using liquid nitrogen still resulted in the formation
of a layered structure with a spacing of 3.3 nm (Figure 2.15). Interestingly,
the disordered melt appeared to be unstable at room temperature and 2-PDP
surfactant started to macrophase separate spontaneously after several weeks
(Figure 2.17).
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Figure 2.16: Temperature-resolved SAXS profiles of ortho-substituted n-alkylphenol
complexes: P4VP(2-PDP)1.0 (a) and P4VP(2-HDP)1.0 (b).

Figure 2.17: POM image (a) and photograph (b) of P4VP(2-PDP)1.0 taken after
being stored at room temperature for several weeks indicate the instability of the
disordered melt.
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2.3.4 Evaluation of the results

A complete overview of the self-assembly of the P4VP(n-alkylphenol)1.0
supramolecular comb-shaped copolymers is illustrated in Figure 2.18. The pe-
riodicity of the lamellar structure shows an increment of 0.10 − 0.13 nm per
carbon atom and applies to both the crystalline and liquid crystalline state
(Figure 2.18a). This value is slightly smaller than the theoretical value of
0.127 nm/CH2 for an all-trans configuration of an alkyl chain. Our previous
assumption for a fully interdigitated structure is therefore valid for all com-
plexes (Scheme 2.1), regardless of the position of the hydroxyl group and the
tail length.137 On the other hand, the relatively smallest structures were found
in the ortho-substituted complexes, followed by the meta ones and finally para.
The reason for this difference is straightforward: a more sterically hindered hy-
droxyl group requires a more out-of-plane conformation with respect to P4VP
for effective hydrogen bonding, resulting in thinner layers.

The melting point displays a similar trend: for an equal tail length, the para
position gives the highest melting temperature and the ortho position the low-
est one (Figure 2.18b). Analogue to the long period, less sterically hindered
surfactants presumably allow a more efficient packing mechanism of the alkyl
tails in the complex, giving rise to a higher Tm. For all three types of surfactant
a 6− 8 ◦C increment was observed per methylene unit.

Figure 2.18: Overview of the lamellar spacing d in the stoichiometric P4VP(n-
alkylphenol) complexes at T < Tm (ortho, meta and para) and Tm < T < TODT
(meta and para), plotted against the tail length (a). Dependence of the melting point
(Tm) and ODT (TODT) on the tail length in P4VP(n-alkylphenol) supramolecular
comb-shaped copolymers (b).
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A more striking behavior was observed in the order-disorder transition temper-
ature: it was absent in all ortho-substituted complexes, present around 64 ◦C in
the meta-substituted complexes and was highest in the para-substituted com-
plexes (96 ◦C on average). Its value increased at most a few degrees per methy-
lene unit. Apparently the hydroxyl position affects the ODT to a much larger
extent compared to the tail length. Even for shorter tails, the repulsion of the
aliphatic tails from the polar P4VP backbone is already sufficiently strong for
giving a self-assembled supramolecular complex. Whether this process happens
in the melt and at what temperature depends on the strength of hydrogen bond-
ing. Clearly, the interaction between P4VP’s pyridine groups and the para- and
meta-substituted surfactants already favors microphase separation in the liquid
state. On the other hand, the entropic loss in the highly sterically hindered
2-n-alkylphenol-based complexes is only compensated for upon crystallization
of the side chains.

For the 21 methylene units long surfactant 3-HEP, only a hint of an ODT
was visible upon cooling from the melt. It is therefore expected that a fur-
ther increase of the tail length of meta-substituted amphiphiles will lead to
crystallization-driven self-assembly as well and eventually macrophase separa-
tion. On the other side of the spectrum, the broad melting point and reduced
TODT in P4VP(3-TDP)1.0 suggest a further decrease of the number of carbon
atoms will result in noncrystallizable complexes and finally even disordered
systems. Identical behavior is expected to be observed in both ortho- and
para-substituted complexes, although a reliable estimation on their critical tail
length cannot be performed based on the available data.

2.4 Conclusions

A better understanding of the processes involved in the self-assembly of P4VP(n-
alkylphenol)1.0 supramolecular comb-shaped copolymers was achieved by sys-
tematic variation of the tail length and the position of the hydroxyl group.
Regardless of both parameters, the investigated library of complexes all self-
assembled into a lamellar morphology. As expected, in general, both the melting
point and d-spacing of the lamellae raised with increasing tail length. On the
other hand, the hydroxyl position had a much more surprising impact on their
self-assembled nature: the order-disorder transition temperature remained con-
stant in the meta- and para-substituted complexes, while microphase separa-
tion in the ortho-substituted complexes was found to be crystallization-driven.
This observation illustrates the critical balance between repulsive and attrac-
tive forces required in supramolecular systems. Apparently, even for relatively
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short alkyl chains the repulsion is already sufficiently strong, while the point
at which the ordered structure appears is fully determined by the strength of
hydrogen bonding. Since this property cannot be affected by the position of
the alkyl tail (pKas of differently substituted cresols are almost identical), the
observed behavior has to be caused by a purely steric effect. For this reason, the
highest TODT was discovered in the sterically least hindered para-substituted
complexes.

Thermal properties of meta-substituted complexes started to deviate at a tail
length of 13 methylene units (3-TDP) on the lower side and at 21 (3-HEP)
on the higher side of the analyzed set. For P4VP(3-TDP)1.0 a significantly
reduced Tm and TODT were characterized. Blends of P4VP and even shorter
surfactants will therefore probably result in disordered complexes. Because of
its increased melting point, only a slight indication for the presence of an ad-
ditional crystalline-liquid crystalline transition (ODT) could be identified in
P4VP(3-HEP)1.0. On further extension of the tail length, the self-assembly of
meta-substituted complexes is expected to become crystallization-driven, sim-
ilar to the 2-n-alkylphenols, and at some point macrophase separation might
start to play an important role as well. Such behavior will definitely be present
in the other substituted supramolecular comb copolymers, although the current
library does not allow an accurate estimation for their critical point.



Chapter 3

P4VP-b-PAPI Diblock
Copolymers: Synthesis,
Self-Assembly and Interaction

Controlled radical polymerization of 4-vinylpyridine (4VP) and N -acryloylpiperidine
(API) by the RAFT process allowed preparation of well-defined double hydrogen bond
accepting P4VP-b-PAPI diblock copolymers. The miscibility of this new monomer pair
was studied via a random copolymer blend approach and resulted in a Flory-Huggins
interaction parameter χ4VP,API ≈ 0.03, which is higher than the commonly used
styrene/MMA couple, but lower compared to styrene/isoprene. This value was found to
support the bulk phase behavior of a series of diblock copolymers as evidenced by SAXS
and TEM. Highly ordered structures, including cylinders, lamellae and spheres, were
identified in these materials, even in diblocks of higher molecular weight and broader
distribution, while a disordered morphology was indeed observed in a symmetric, low
molecular weight analogue.

Parts of this chapter were published in: Polym. Chem., 2015, 6, 7015−7026
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3.1 Introduction

Block copolymers are promising materials for applications in nanotechnology,
since they are able to spontaneously form ordered structures at the nano- to
mesoscale.24 Examples include their use in membrane technology,18 lithogra-
phy,138–140 microelectronics,19 scaffolds for the preparation of ordered organic
or inorganic materials20,21,126,141 and even soft photonic crystals.142 The ob-
tained structure and its domain spacing depend on the composition (f ) of the
block copolymer and the molecular weight (N ), respectively, while the smallest
accessible feature size is determined by the Flory-Huggins interaction parameter
(χ). Self-assembly of a simple diblock copolymer already allows the prepara-
tion of several different morphologies, such as spheres, cylinders, lamellae and
bicontinuous network structures,22 while more complex polymeric architectures
(triblocks, multiblocks, star-shaped, comb-shaped, etc.) usually result in more
complex phase behavior.38,44,143

Special reaction conditions are required in order to obtain such well-defined
block copolymers, which are fulfilled by several living or controlled polymer-
ization techniques available nowadays. Amongst these, living anionic polymer-
ization is superior in sense of controllability and suppression of termination
side reactions compared to the more recently introduced radical-based meth-
ods.89 However, due to the high reactivity of the propagating anionic species
this type of polymerization is extremely sensitive to moisture and oxygen, has a
low monomer compatibility (protic/electrophilic monomers require protecting
groups)144,145 and only a limited number of solvents are known to be applicable.
Controlled radical polymerization (CRP) methods solve these deficiencies at the
cost of some loss in controllability, but makes it possible to incorporate function-
ality into the polymeric material without additional protection/deprotection
steps. CRP techniques that have proven their worth during the past decade
include atom transfer radical polymerization (ATRP),90 nitroxide mediated
polymerization (NMP)91 and reversible addition-fragmentation chain transfer
(RAFT) polymerization.92

The last method possesses several advantages over the first two since it was
found to be applicable at a high variety of reaction conditions (both temper-
ature and solvent) and compatible with a large library of monomers. These
include styrenics, vinylpyridines, (meth)acrylates, (meth)acrylamides and acry-
lonitrile.93,146 Furthermore, well-defined amphiphilic di- and triblock copoly-
mers can be prepared by careful selection of the chain transfer agent (CTA)
and the sequence of monomer addition.95,96
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The polymerization of 4-vinylpyridine (4VP) by RAFT has been studied thor-
oughly by many research groups, as the corresponding polymer is an interesting
material for several applications, owing to its thermal properties, hydrogen bond
accepting capability, pH responsiveness and ability to coordinate to transition
metals. P4VP could be prepared with high precision using dithiobenzoate-
based RAFT agents, although relatively long reaction times were required for
obtaining both high conversions and degree of polymerizations.147,148 Trithio-
carbonate CTAs have indeed been shown to increase 4VP’s rate of polymer-
ization, although to our knowledge a proper kinetic investigation has not been
reported in literature.149–151

The same holds for the controlled polymerization of N -acryloylpiperidine (API)
by RAFT: polar, but water-insoluble PAPI homopolymers could be synthesized
with great precision using dithiobenzoate-based RAFT agents, while a proper
kinetic analysis was found to be unavailable at the time of writing.152 On the
other hand, both N -substituted153 and N,N -disubstituted acrylamides154–156

are generally known to be highly compatible with the RAFT method allowing
the synthesis of well-defined block copolymers.

This chapter will provide a detailed overview of the synthesis and self-assembly
of P4VP-b-PAPI diblock copolymers, since such double hydrogen bond ac-
cepting diblock copolymers can be particularly interesting for constructing
supramolecular double-comb diblock polymers (see Chapter 1). In addition,
these diblocks are water-insoluble and non-hygroscopic, while being fully solu-
ble in many polar organic solvents. Finally, because a thorough investigation of
the self-assembly of 4VP/acrylamide block copolymers has not been reported
in literature before, a 4VP/API monomer miscibility study based on a random
copolymer blend approach will be presented as well.

3.2 Experimental section

3.2.1 Materials

α, α’-azobis(isobutyronitrile) (AIBN, Fluka, >98%) was recrystallized twice
from methanol. The RAFT agent S-dodecyl-S ’-(isobutyric acid) trithiocar-
bonate (DIBTTC) was prepared according to literature procedure.157 4-vinyl-
pyridine (4VP, Sigma-Aldrich, ≥94.5%) was condensed twice on a high-vacuum
line, first from calcium hydride and then from the respective trioctylaluminum
treated pale yellow/green solution. The monomer N -acryloylpiperidine (API)
was synthesized via the route provided by Kobayashi et al.,158 purified by col-
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umn chromatography (acetone as eluent) and finally vacuum distilled from
finely ground calcium hydride (Acros Organics, ≥91.0%). 1-dodecanethiol
(TCI, >95.0%), tricaprylylmethylammonium chloride (Aliquat 336, TCI), car-
bon disulfide (Acros Organics, ≥99.9%), acryloyl chloride (Sigma-Alrich,
≥97.0%), piperidine (Acros Organics, ≥99.4%, AcroSeal), triethylamine (Sigma-
Aldrich, ≥99.5%), N,N -dimethylformamide (DMF, Sigma-Aldrich, anhydrous,
≥99.8%), DMF for gel permeation chromatography (Acros Organics, GPC
grade), lithium bromide (Acros Organics, anhydrous, ≥99.0%) and trioctylalu-
minum (25 wt % in hexane, Sigma-Aldrich) were used as received. All other
solvents were of analytical grade.

3.2.2 Synthesis of P4VP, PAPI and P4VP-b-PAPI by RAFT

A general route for RAFT polymerization of API and 4VP is described be-
low. In a 50 ml round-bottom flask equipped with a Teflon-coated stirring
egg, DIBTTC (homopolymers) or P4VP macro-CTA (diblock copolymers) was
dissolved in DMF, monomer (4VP or API) was added and finally a calculated
amount of AIBN stock solution in DMF was injected via a syringe. Then
the flask was connected to a high-vacuum line and after being subjected to
at least four freeze-pump-thaw cycles it was backfilled with argon. The reac-
tion was started by submerging the closed flask in a thermostated oil bath at
70 ◦C. The polymerization was carried out for the time indicated, quenched
by rapid cooling using liquid nitrogen and its conversion was determined using
1H-NMR. The solution was diluted with chloroform or DMF, P4VP homopoly-
mers precipitated and reprecipitated into at least a tenfold excess of toluene,
PAPI homopolymers into hexane/ether (1/1) and hexane and block copolymers
into hexane/ether (1/1) and hexane, respectively. The obtained orange to light
yellow powders were dried in a vacuum oven.

3.2.3 Synthesis of P(4VP-co-API) random copolymers

Random copolymers of 4VP and API for miscibility studies were prepared by
dissolving 2 − 3 g monomer and 5 − 6 mg AIBN in 3 ml DMF in a 50 ml
two-neck flask equipped with a Teflon-coated stirring egg. The solutions were
subjected to at least four freeze-pump-thaw cycles and after being backfilled
with argon the free radical polymerization was carried out at 80 ◦C. The reac-
tion was quenched by submerging the flask in liquid nitrogen after 30 min to 1
h. Conversions were kept as low as possible (conversion of 4VP < 30%) in order
to avoid composition drift. Copolymers were precipitated into a 30-fold excess
of hexane/ether (1/1) containing a small amount of hydroquinone, dissolved
in chloroform and reprecipitated into hexane. After drying in a vacuum oven,
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the random copolymers were obtained as white powders with typical yields of
ca. 200− 300 mg.

3.2.4 Sample preparation

Bulk films of the P4VP-b-PAPI diblock copolymers were obtained by dissolv-
ing 150 mg of the polymer in DMF (max. 2 wt %), followed by casting these
solutions into 4 cm Petri dishes. Full evaporation of the solvent in a DMF
atmosphere (45 ◦C) was achieved in approximately one week. Solvent history
was removed by annealing the transparent block copolymer films in a vacuum
oven for about 5 days at 200 ◦C.

Ultrathin sections (80 nm) for transmission electron microscopy (TEM) were
obtained by microtoming in epoxy (Epofix, Electron Microscopy Sciences) em-
bedded pieces of the polymer films using a Leica Ultracut UCT ultramicrotome
equipped with a 35◦ DiATOME diamond knife. Enhanced contrast for TEM
was realized by staining the sections with iodine for 2 to 7 h.

Samples for SAXS were prepared by pressing small pellets of the previously
cast bulk films, followed by thermal annealing at 200 ◦C for roughly 5 days.

P4VP homopolymer/random copolymer 50/50 wt % blends for miscibility stud-
ies were prepared by dissolving equal amounts of the copolymer and homopoly-
mer in chloroform and direct casting of these solution into DSC pans. Each pan
contained 8 − 10 mg material after evaporation of the solvent. Equilibrium in
the melt state was promoted by heating the pans to 200 ◦C for about 1 h. The
blends were finally annealed in the glassy state for several days up to weeks in
a closed, thermostated, custom-made heating block.

3.2.5 Characterization

Nuclear magnetic resonance (NMR) spectra were recorded on a 400 MHz Var-
ian VXR operating at room temperature using deuterated chloroform (CDCl3)
as solvent.

Gel permeation chromatography (GPC) was performed in DMF (containing
0.01 M LiBr) on a Viscotek GPCmax equipped with model 302 TDA detectors,
using a guard column (PSS-GRAM, 10 µm 5 cm) and two analytical columns
(PSS-GRAM-1000/30 Å, 10 µm 30 cm) at a flow rate of 1.0 ml·min−1. The
columns and detectors were held at 50 ◦C. Narrow PMMA standards were used
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for calibration of the system and samples were filtered over a 0.45 µm PTFE
filter prior to injection. Molecular weights were calculated by applying a triple
detection method (refractive index, viscosity and light scattering) using Vis-
cotec Omnisec software. A predetermined refractive index increment (dn/dc)
of 0.153 ml·g−1 was used for P4VP homopolymers.159

Differential scanning calorimetry (DSC) was carried out on a DSC Q1000 of
TA Instruments in the modulated mode (0.5 ◦C, period 60 s) by heating the
samples to 200 ◦C and cooling to 60 ◦C at a rate of 2 ◦C·min−1, unless stated
differently. Copolymer miscibility was judged by looking at the first heating
cycle, while the second was used for the determination of glass transitions.

Small-angle X-ray scattering (SAXS) measurements were carried out at the
Dutch-Belgian Beamline (DUBBLE), station BM26B of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France.160,161 The sample-
to-detector distance (Dectris Pilatus 1M) of the setup was ca. 5.0 m. The
scattering vector q is defined as q = 4π/λ sin θ with 2θ being the scattering
angle and λ the wavelength of the X-rays (1.03 Å). The acquisition time was 5
min per sample.

Sections of the iodine stained diblock copolymers were analyzed on a Philips
CM12 transmission electron microscope operating at an accelerating voltage of
120 kV. TEM images were recorded on a Gatan slow-scan CCD camera.

3.3 Results and discussion

3.3.1 Synthesis of P4VP, PAPI and P4VP-b-PAPI by RAFT

Appropriate selection of the CTA (both R- and Z-group) is one of the most im-
portant criteria for achieving successful RAFT polymerization.94 In addition,
the ratio thermal initiator/CTA should be as low as possible in order to suppress
termination side reactions, although it should still be sufficiently high for ob-
taining a reasonable rate of polymerization. In other words, an optimum exists
between the two concentrations that reflects both the rate and controllability.
Compared to dithioester-based CTAs, trithiocarbonates have been shown to
have superior properties with respect to their chain transfer efficiency, allow-
ing a lower concentration of thermal initiator for maintaining a similar rate of
polymerization. Furthermore, this type of CTA is known to be compatible with
a larger library of monomers, to give substantially less rate retardation, is less
prone to hydrolytic degradation and is easier to synthesize.146
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Scheme 3.1: Synthesis pathways for the preparation of P4VP and PAPI homopoly-
mers by RAFT.

Trithiocarbonates have indeed been successfully employed in the synthesis of
well-defined polystyrenes96,157 and polyacrylamides,154–156 although for both
4VP and API previous reports lacked a proper kinetic analysis. For this reason
we first looked into the synthesis of both homopolymers in more detail, before
moving towards the self-assembly of RAFT-synthesized P4VP-b-PAPI diblock
copolymers.

For the kinetics of the RAFT polymerization of 4VP and API (Scheme 3.1)
a large stock solution, containing AIBN, DIBTTC, monomer and DMF, was
subjected to several freeze-pump-thaw cycles and then divided over four differ-
ent flasks. Each reaction mixture was heated at 70 ◦C for a certain amount of
time, subsequently quenched by submerging the flask into liquid nitrogen and
conversions were determined by 1H-NMR by comparing the integral values of
monomer and polymer.

ln
( [M]0

[M]

)
= kapp · t (3.1)

Mn = [M]0
[DIBTTC] ·m0 · Conv.+mDIBTTC (3.2)

A linear relationship (Equation 3.1, [M] is the monomer concentration) was
found over 4VP’s entire conversion range in the pseudo first-order rate plot
presented in Figure 3.1a, meaning that termination and other side reactions
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were suppressed effectively by the CTA. In addition, molecular weights as de-
termined by GPC follow the linear theoretical trend given by Equation 3.2 with
great accuracy (m0 is the molecular weight of the monomer), while polydisper-
sities remained well below 1.1 (Figure 3.1b). From this data it is clear that
addition of DIBTTC allowed controlled polymerization of 4VP by RAFT.

Figure 3.1: Pseudo first-order rate plot (a) and evolution of molecular weight and
polydispersity of P4VP with conversion (b). Reaction conditions: [AIBN] = 1.2 mM,
[DIBTTC] = 10 mM and [4VP] = 3.7 M.

Pseudo first-order kinetics were observed in the DIBTTC-mediated polymer-
ization of API as well (Figure 3.2a). A linear increase of the GPC-determined
molecular weights with conversion was found over the full range and moreover,
polydispersity indices never exceeded a value of 1.1 (Figure 3.2b). Compared
to the polymerization of 4VP, higher reaction rates were observed, e.g. 77%
monomer conversion was measured after only two hours, presumably caused by
API’s inability to stabilize the propagating radical by resonance. Despite this
high rate, the RAFT process still yielded PAPI homopolymers with predictable
molecular weights and narrow distributions.

Similar to living ionic polymerization techniques, the sequence of monomer
addition for the preparation of block copolymers (BCPs) is very important in
RAFT polymerization as well, because the transfer efficiency of the macro-CTA
to the second monomer significantly affects the corresponding diblock copoly-
mer’s molecular weight distribution. Such instantaneous re-initiation can only
be achieved by starting the diblock copolymer synthesis with the monomer with
highest leaving ability. In other words, the first monomer should be the one
with the greater stability of the re-initiating radical, or lowest reactivity.93 For
this reason P4VP-b-PAPI diblock copolymers could be synthesized by starting
the reaction with a trithiocarbonate end-capped P4VP homopolymer (Scheme
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Figure 3.2: Pseudo first-order rate plot (a) and evolution of molecular weight and
polydispersity of PAPI with conversion (b). Reaction conditions: [AIBN] = 0.76 mM,
[DIBTTC] = 7.4 mM and [API] = 2.0 M.

3.2). In order to be able to prepare BCPs with different molecular weights and
compositions, first several P4VP macro-CTAs were prepared by varying the
concentrations of DIBTTC, 4VP and AIBN. This led to P4VP homopolymers
with molecular weights ranging from 7.95 to 55.0 kg·mol−1 and polydispersity
indices (PDIs) smaller than 1.2 (Table 3.1).

Scheme 3.2: Synthesis of P4VP-b-PAPI diblock copolymers by the RAFT process,
starting from a P4VP macro-CTA.

As the polymerization of API was observed to be very fast compared to 4VP,
this finding was utilized for the preparation of the diblock copolymers: we
aimed for a certain PAPI block length (i.e. diblock composition) by addition
of the required amount of monomer provided that reaction would go to full
conversion. The concentration of AIBN was kept as low as possible in order to
maintain control over the polymerization ([AIBN]/[DIBTTC] < 1/7.5), while a
decent rate of polymerization was achieved by decreasing the amount of solvent
(DMF) in case [AIBN] and [API] would have been too low. According to 1H-
NMR spectra of aliquots taken from the quenched reaction mixture, this method
resulted in API conversions between 65 and 98% (Table 3.2).
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Macro-CTA [DIBTTC]a [AIBN]a [AIBN]/[DIBTTC] [4VP]b tR
c Conv. (%) Mn,theory

d Mn,GP C
d Mw/Mn

P4VP-8k 46 1.5 1/31 4.8 21 61.4 7.08 7.95 1.17

P4VP-14k 19 1.0 1/18 3.8 21 57.4 12.8 14.2 1.13

P4VP-29k 9.8 1.0 1/10 3.7 20 66.3 26.5 28.8 1.05

P4VP-40k 5.2 0.70 1/7.4 3.8 25 49.3 38.3 40.3 1.16

P4VP-55k 5.9 0.69 1/8.6 5.6 20 53.7 53.7 55.0 1.07

Table 3.1: Overview of P4VP macro-CTAs synthesized by RAFT in DMF at 70 ◦C. a DIBTTC and AIBN concentrations are
in mM, b 4VP in M, c reaction times (tR) in hours and d molecular weights in kg·mol−1.
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BCP [P4VP]a [AIBN]a [AIBN]/[P4VP] [API]b tR
c Conv. (%)

P4PA80k-10 5.5 0.48 1/12 2.5 20 98

P4PA131k-22 3.3 0.41 1/7.7 2.3 20 91

P4PA61k-23 7.4 0.80 1/9.3 2.5 19 97

P4PA129k-31 3.3 0.41 1/8.1 2.3 20 87

P4PA57k-47 7.1 0.76 1/9.4 1.8 17 83

P4PA78k-70 7.1 0.80 1/8.9 1.4 22 70

P4PA48k-83 10 1.1 1/9.5 0.97 19 65

Table 3.2: Reaction conditions for the preparation of P4VP-b-PAPI diblock copoly-
mers. a P4VP and AIBN concentrations are in mM, b API in M and c reaction times
(tR) in hours.

Several P4VP-b-PAPI diblock copolymers with varying length and composition
were prepared by following the described route (Table 3.3). In the codes used
(P4PAxk-y), x represents the molecular weight in kg·mol−1 and y the P4VP
weight percentage. Compositions (fP4VP, weight fractions) were calculated by
comparing the integral regions of P4VP and PAPI in 1H-NMR (Figure 3.3,
P4PA129k-31), while total molecular weights (Mn) were determined by using
this value and the GPC-resolved molecular weight of the P4VP macro-CTA
(Mn,P4VP). Another estimation for the molecular weight was made by looking
at the conversions abstracted from 1H-NMR spectra of the reaction mixture
(Mn,PAPI (conv.)). Although this method is less accurate compared to the pre-
viously discussed one based on the P4VP macro-CTA, it is interesting to see
that the numbers are similar. GPC showed that in all experiments the P4VP
macro-CTAs were extended properly, since maxima shifted to lower retention
volumes after polymerization of API (Figure 3.4, P4PA129k-31). Significant
tailing on the low molecular weight side (due to early termination) was found
to be absent in most reactions. Fast conversion of API monomer allowed the
synthesis of various high molecular weight P4VP-b-PAPI diblock copolymers
by RAFT (0.10 < fP4VP < 0.83, up to 131 kg·mol−1) with narrow distribu-
tions (Mw/Mn < 1.4), while even lower PDIs (Mw/Mn < 1.2) were obtained
for smaller diblocks (up to 80 kg·mol−1).
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BCP Mn,P4VP
a Mn,PAPI (conv.)

a Mn,PAPI
a Mn

a fP4VP
b Mw/Mn

P4PA80k-10 7.95 62.6 71.8 79.8 0.10 1.18

P4PA131k-22 28.8 92.4 102 131 0.22 1.34

P4PA61k-23 14.2 45.2 46.8 61.0 0.23 1.14

P4PA129k-31 40.3 85.0 88.8 129 0.31 1.26

P4PA57k-47 28.8 29.1 30.0 56.5 0.47 1.06

P4PA78k-70 55.0 20.0 23.2 78.2 0.70 1.05

P4PA48k-83 40.3 8.69 8.10 48.4 0.83 1.12

Table 3.3: a Molar masses (kg·mol−1) and b composition data (weigth fractions) of
the RAFT-synthesized P4VP-b-PAPI diblock copolymers.

Figure 3.3: 1H-NMR spectra of P4VP-40k, PAPI-32k and P4PA129k-31. CDCl3 was
used as solvent (7.26 ppm). The composition of the block copolymer was calculated by
using two of P4VP’s aromatic protons (d) and using the full integral of PAPI (e − i)
after correction of this region (1.0− 4.0 ppm) for P4VP (a, b).
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Figure 3.4: GPC chromatograms of P4PA129k-31 and its precursor P4VP-40k. Re-
fractive index (a) and light scattering signal (b).

3.3.2 Self-assembly of P4VP-b-PAPI

Diblock copolymers are known to form ordered nanometer-sized structures
spontaneously if the product of the Flory-Huggins interaction parameter χ and
the number of segments N is sufficiently high (χN > 10.5), i.e. high molecular
weights are required for weakly interacting monomer pairs. If this condition is
met, the type of morphology formed (spheres, cylinders, lamellae, gyroid, etc.)
depends on the composition of the block copolymer.

Figure 3.5: DSC thermograms of P4VP-40k, PAPI-32k and P4PA129k-31 recorded
at 10 ◦C·min−1 (2nd heating cycle).

The phase behavior of thermally annealed bulk films of the P4VP-b-PAPI di-
block copolymers (Table 3.4) was investigated thoroughly using DSC, SAXS
and TEM. In all copolymers two glass transitions were observed (around 128
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BCP Mn
a Mw/Mn fP4VP

b dSAXS
c dFT

c χN d

P4PA80k-10 79.8 1.18 0.10 N/A 30 24

P4PA131k-22 131 1.34 0.22 61 61 39

P4PA61k-23 61.0 1.14 0.23 31 34 18

P4PA129k-31 129 1.26 0.31 74 81 39

P4PA57k-47 56.5 1.06 0.47 37 55 17

P4PA78k-70 78.2 1.05 0.70 43 40 23

P4PA48k-83 48.4 1.12 0.83 N/A 24 15

Table 3.4: Overview of P4VP-b-PAPI diblock copolymers: molecular weights, com-
position, self-assembly and interaction. a Molecular weights are in kg·mol−1, b fractions
denote weight fractions, c distances are in nm, d χ4VP,API was assumed to be 0.03 and
N = Mn / 100 g·mol−1.

and 153 ◦C for PAPI and P4VP respectively) indicating that these were phase
separated, except for the very asymmetric block copolymers (fP4VP < 0.22 and
fP4VP > 0.70) since the weight of their minority block was simply too small
to be observed by DSC (Figure 3.5, P4PA129k-31). It should be remarked
that all fractions in this paper denote weight fractions, while volume fractions
are needed for a proper comparison with theoretical models. However, volume
fractions could unfortunately not be calculated, since the density of PAPI is
unknown. On the other hand, densities of P4VP and PAPI are expected to be
rather similar, as densities of amorphous polyvinylpyridines and polyalkylacry-
lamides are known to be in between 1.0 and 1.1 g·cm−3.159

Self-assembly of each BCP will be discussed with increasing fraction of P4VP,
starting with P4PA80k-10 (the first number represents the copolymer molecular
weight in kg·mol−1, the second the weight fraction P4VP). When compared to
the mean-field phase diagram for conformationally symmetric diblock melts,162

based on the weight fraction a spherical or disordered morphology would be
expected, depending on the Flory-Huggins interaction parameter. In SAXS
(Figure 3.6) no scattering maxima could be observed, while a TEM image
(Figure 3.7a) of an iodine stained section (P4VP appears dark) shows a micellar-
like structure. Such a morphology could indicate both a spherical or disordered
structure, but without proper SAXS data no conclusions should be drawn from
TEM only. Interestingly though, the Fourier transformation (FT) of this image
(inset) would imply the presence of a 30 nm periodic structure.



3.3 Results and discussion 71

Figure 3.6: Room temperature SAXS profiles of P4VP-b-PAPI diblock copolymers.
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The TEM micrograph of P4PA131k-22 (Figure 3.7b) clearly demonstrates the
expected cylindrical structure: both orientations (parallel and perpendicular)
of hexagonally packed P4VP cylinders embedded in a PAPI matrix are clearly
present (dFT ≈ 61 nm). Its SAXS pattern in Figure 3.6 on the other hand
only shows a faint shoulder at q = 0.10 nm−1 (d = 61 nm). The absence of
higher order scattering maxima does not allow a detailed analysis of the type
of structure in this BCP.

P4PA61k-23 only differs from P4PA131k-22 with respect to its molecular weight,
resulting in indeed the formation of P4VP cylinders, although at a smaller
length scale (Figure 3.7c, dFT ≈ 34 nm). Despite the absence of higher order
scattering maxima, similar to P4PA131k-22, this length scale (d = 31 nm) is
confirmed by the single peak found in SAXS (Figure 3.6).

In contrast to the previous P4VP-b-PAPI diblock copolymers, the SAXS profile
of P4PA129k-31 shows two relatively weak signals with a ratio of 1q* : 2q* (q*
= 0.085 nm−1, d = 74 nm). This data still provides insufficient information
for concluding anything about its morphology, but analysis of stained sections
by TEM demonstrates its self-assembly into very well ordered lamellae (Figure
3.7d, dFT ≈ 81 nm). Although this BCP would be expected to give a cylindrical
structure upon microphase separation (based on the theoretical phase diagram),
fP4VP is situated just on the border of the lamellae to cylinders transition. If
the density of PAPI would be assumed to be slightly higher than P4VP, its com-
position would certainly shift into the lamellar region. In addition, P4PA129k-
31’s asymmetry is well reflected by the difference in layer thickness: the bright
PAPI lamellae are roughly twice as large compared to the dark, stained P4VP
lamellae. Finally, this particular block copolymer demonstrates the ability to
form highly ordered structures with large grain sizes despite its relatively broad
molecular weight distribution (Mw/Mn = 1.26).

Further increase of the amount of P4VP resulted in an almost symmetrical di-
block copolymer: P4PA57k-47. Its diffraction pattern displays two scattering
maxima with a ratio of 1q* : 3q* (q* = 0.17 nm−1, d = 37 nm), still insufficient
for a proper structural analysis. Lamellae are indeed found in TEM (Figure
3.7e, dFT ≈ 55 nm). Based on the observed morphology a second order re-
flection would be expected in SAXS, although it is generally known that even
order reflections are absent for symmetry reasons in lamellar-forming diblocks
in which the sublayers are of equal thickness.98 Also the d-spacing as obtained
by SAXS and TEM was found to be quite different (∆d = 18 nm). It is pre-
sumably caused in the microtoming step during which the lamellae are not
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Figure 3.7: Transmission electron micrographs of P4VP-b-PAPI diblock copoly-
mers. P4VP appears dark due to staining with iodine. The inset shows the corre-
sponding Fourier transformation. P4PA80k-10 (a), P4PA131k-22 (b), P4PA61k-23 (c),
P4PA129k-31 (d), P4PA57k-47 (e) and P4PA78k-70 (f).
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oriented perfectly perpendicularly to the knife. This would result in the struc-
ture appearing larger than it actually is. For this reason the layer thickness as
identified by SAXS is assumed to be the real value.

Self-assembly of an asymmetric BCP, rich in P4VP (P4PA78k-70) gave rise to
the expected inverted cylindrical structure, i.e. PAPI cylinders were embedded
in a P4VP matrix (Figure 3.7f, dFT ≈ 40 nm). An almost identical length
scale could be abstracted from SAXS (43 nm), but similar to the asymmetric
polymers poor in P4VP only a shoulder could be observed (Figure 3.6).

One would expect a spherical morphology for the copolymer with the shortest
PAPI block (P4PA48k-83). While SAXS did not show any strong scatter-
ing signals, a micellar-like structure could be observed in TEM (Figure 3.8,
dFT ≈ 24 nm), similar to P4PA80k-10, but with inverted contrast. Although
this particular copolymer could still be situated in the disordered state, most
sphere-forming BCPs show comparable phase behavior in TEM, even when
multiple scattering maxima are visible in SAXS.163 Not many TEM images of
well-ordered spheres have been reported in literature.

Figure 3.8: Room temperature TEM image of P4PA48k-83 after being stained with
iodine. Inset shows its corresponding Fourier transformation.

Regardless of the observed equilibrium structure, all P4VP-b-PAPI diblock
copolymers have a low scattering intensity in SAXS in common. Quite some of
these materials show highly ordered morphologies according to TEM, in most
cases even better than the well-studied PS-b-PI system,9,11 but less defined
SAXS patterns. As discussed in Chapter 1, contrast in SAXS is not only deter-
mined by the quality of the structure (structure factor), it also depends on the
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so-called form factor whose magnitude is proportional to the square of the elec-
tron density difference. The product of these two factors determines the overall
intensity. In other words, a perfectly aligned structure could still yield zero
scattering in case the electron density of both phases is identical. Although the
density of PAPI is unknown, and therefore its electron density as well, based
on the observed phase behavior by TEM, it is very likely the difference between
P4VP and PAPI is relatively small.

Finally, it is impressive to see that even with relatively broad molecular weight
distributions, compared to living anionic polymerization techniques (Mw/Mn ≈
1.3, P4PA131k-22 and P4PA129k-31), the block copolymers were still able to
form highly ordered structures (cylinders and lamellae, respectively). Indeed,
both theoretical and experimental studies have previously demonstrated that
systems with a higher polydispersity can still form ordered nanostructures. Ob-
served differences included changes in order-disorder transition temperature,
domain size, interfacial thickness and unexpected phase transitions,164 while
macrophase separation has only been observed in multicomponent blends.165

3.3.3 Determination of χ4VP,API

Monomer miscibility is frequently described using the Flory-Huggins interaction
parameter (χ): positive values indicate an unfavorable enthalpic contribution to
the Gibbs free energy of mixing, while a negative value would indicate some kind
of favorable interaction between the monomer pair (e.g. hydrogen bonding).
For a binary system both entropic and enthalpic contributions to the Gibbs
free energy of mixing per segment (∆gm) are included in Equation 3.3. Here
ϕ represents the volume fraction of component 1 and Ni the segment length
of a monodisperse component i. As the chain-like architecture of polymers
(Ni > 100) is known to cause a significant reduction of the gain in entropy
upon mixing, a small positive χ-parameter would already result in macrophase
separation in the case of homopolymer blends or microphase separation in BCP
melts.5

∆gm
kB T

= ϕ

N1
lnϕ+ 1− ϕ

N2
ln(1− ϕ) + χeff ϕ (1− ϕ) (3.3)

Since the 4VP/API monomer couple described in the previous section has not
been studied before and self-assembly of the synthesized P4VP-b-PAPI diblock
copolymers led to well-ordered mesomorphic structures, we were highly inter-
ested in its interaction parameter (χ4VP,API). Several methods have been de-
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veloped for the experimental estimation of χ during the past decades. Exam-
ples of these include contact angle measurements (polymer PA on a surface of
polymer PB),166 neutron reflectometry (interfacial width in PA/PB blends),167

temperature-resolved SAXS (scattering of a disordered PA-b-PB diblock copoly-
mer)168 or via calculations based on solubility parameters.169

In this contribution however, a random copolymer blend approach was applied
as it was proven to be very effective for various monomer pairs.81,170–172 The
idea behind this method relies on the principle that even blends of oligomeric
analogues of both PA and PB homopolymers are highly likely to phase separate,
making it impossible to determine the corresponding interaction parameter.
When switching to a blend of PA and a random copolymer P(Ax-co-B1−x)
miscibility will be observed for a certain volume fraction x.

χeff = (1− x)2χAB (3.4)

According to a mean-field analysis the effective interaction parameter χeff
(copolymer-homopolymer combination) can be expressed in terms of copoly-
mer composition x and interaction parameter of the pure components χAB
(Equation 3.4).173–175 For a specific value of x, χAB can subsequently be cal-
culated using the expression for χ at the critical point (χc, Equation 3.5). In
other words, for miscible blends this will yield χc > (1− x)2χAB, while a phase
separated blend will give χc < (1− x)2χAB. By adjusting the copolymer com-
position or the molecular weight of either of the components this procedure
will result in an upper and lower boundary for χAB. Nw1 and Nw2 are the
weight average segment lengths of the copolymer and homopolymer, respec-
tively. Weight averages are used in order to include the polydisperse nature of
both compounds.

χc ∼=
1
2

( 1√
Nw1

+ 1√
Nw2

)2
(3.5)

Four P(4VP-co-API) random copolymers were synthesized by free radical poly-
merization of a DMF-based solution containing AIBN as initiator, 4VP and
API. The weight fraction 4VP fP4VP in the copolymers (P4-co-PAz,
z = fP4VP·100%) could be adjusted by starting with a different 4VP/API
monomer ratio (Table 3.5). The amount of built-in 4VP was always found to be
higher than its feed, which is expected since in contrast to API the propagating
radical of 4VP can be stabilized via resonance, resulting in favored addition of
the latter. Conversions were kept as low as possible in order to avoid composi-
tion drift, although in some cases 4VP reached a conversion of over 30%. Still
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Copolymer 4VP feed (%) 4VP conv. (%)a fP4VP
a Tg

b Mw
c Mw/Mn

P4-co-PA42 20 30 0.42 126 92.8 1.86

P4-co-PA55 30 35 0.55 134 90.1 1.94

P4-co-PA68 45 23 0.68 141 101 1.76

P4-co-PA75 55 28 0.75 146 105 1.66

Table 3.5: Reaction conditions, molecular weights, compositions and glass transition
temperatures of P(4VP-co-API) random copolymers. a Conversions and compositions
(weight fractions) were determined by 1H-NMR, b glass transitions by DSC (◦C) and
c molecular weights by GPC (kg·mol−1).

single, sharp glass transitions (Tg) were identified in these copolymers, increas-
ing with fP4VP.

For the miscibility study all four copolymers were mixed with three P4VP
homopolymers, each with a different molecular weight: Mw = 9.3 kg·mol−1

(P4VP-9k), 16.1 kg·mol−1 (P4VP-16k) and 58.8 kg·mol−1 (P4VP-59k) (Table
3.1). Usually miscibility can be judged by performing a DSC measurement:
the presence of two Tgs would suggest a macrophase separated blend, while
a single one would indicate miscibility. When the difference between the Tgs
of both homopolymers is relatively small or a copolymer with a large value of
x (i.e. it differs only slightly from pure PA) is used for analysis, this method
is no longer applicable. For this reason we immediately went to a procedure
based on enthalpy recovery of samples annealed in the glassy state.176,177 With
this approach, a phase separated thermally aged blend will show two enthalpy
recovery peaks in a DSC heating scan, while a homogeneous blend will exhibit
only a single enthalpy relaxation maximum.

All samples were aged for several days up to weeks at approximately 10 to 15 ◦C
below the lowest glass transition of the blend. Figure 3.9a demonstrates the
DSC heating scans of P4-co-PA42-containing blends after thermal annealing
in the glassy state. The two clear maxima (P4VP-59k) or shoulder-containing
peaks (P4VP-9k and P4VP-16k) imply macrophase separation to have occurred
in these blends. A minimum value for χ4VP,API could then be calculated as fol-
lowing, using P4VP-59k as example. Since this particular blend was phase
separated, the effective interaction parameter is larger than the parameter at
the critical point, i.e. χeff > χc. The segment length of both the homopolymer
(Nw2 = 588) and copolymer (Nw1 = 928) was estimated by dividing the molecu-
lar weight by 100 g·mol−1. This assumes equal density (1 g·cm−3) and segment
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Copolymer P4VP-9k P4VP-16k P4VP-59k

P4-co-PA42 > 0.028 > 0.019 > 0.008

P4-co-PA55 < 0.046 < 0.031 > 0.014

P4-co-PA68 < 0.089 < 0.059 < 0.026

P4-co-PA75 < 0.145 < 0.096 < 0.042

Table 3.6: Calculated χ4VP,API interaction parameters based on miscibility of P(4VP-
co-API) copolymer/P4VP homopolymer blends.

volume (166 Å3) for P4VP and PAPI. An effective interaction parameter could
subsequently be obtained by applying Equation 3.5 (χeff > 0.003). By inserting
the weight fraction x of P4VP (fP4VP = 0.42) into Equation 3.4, this procedure
finally resulted in a value for the true interaction parameter: χ4VP,API > 0.008.

Figure 3.9: First DSC heating scans of P4VP homopolymer/P4-co-PA42 (a, 118 ◦C)
and P4-co-PA55 (b, 125 ◦C) copolymer blends annealed in the glassy state for the times
indicated (in days).

From the blends containing a copolymer slightly richer in P4VP (P4-co-PA55)
only the P4VP-59k-based mixture was found to macrophase separate (Figure
3.9b) after thermal treatment (up to 35 days). With this available data (Table
3.6) already a narrow window for χ4VP,API could be developed as provided by
Inequality 3.6.

0.028 < χ4VP,API < 0.031 (3.6)
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Figure 3.10: First heating scans of thermally aged P4-co-PA68 (a) and P4-co-PA75
(b) blends. P4VP-9k-based blends were annealed at 125 ◦C, while P4VP-16k and
P4VP-59k blends at 131 ◦C.

Additional copolymer blends with even higher fractions of P4VP were studied
as well. None were found to phase separate according to DSC (Figure 3.10),
although based on the previous results, P4VP-59k/P4-co-PA68 should have
phase separated (χ4VP,API > 0.026). The absence of a clear shoulder or second
peak in the heating curve could be caused by insufficiently long thermal ag-
ing (40 days) or the relaxation times of both polymers are simply too similar.
Compared to other well-studied monomer couples, this interaction parameter
(χ4VP,API ≈ 0.03) is rather low. It is still slightly higher than styrene/MMA
(χS,MMA ≈ 0.02),178 but smaller than for instance styrene/isoprene (χS,I ≈
0.07),178 styrene/2-vinylpyidine (χS,2VP ≈ 0.1) and styrene/4-vinylpyridine
(χS,4VP ≈ 0.3).171 One should however always be aware of the fact that the
Flory-Huggins interaction parameter is temperature dependent, mostly inversely
proportional. Hence, χ4VP,API is only valid in the region 150 − 200 ◦C, i.e. in
between the highest glass transition and the annealing temperature.

3.3.4 Evaluation of χ4VP,API

The P4VP-b-PAPI diblock copolymer phase behavior was further analyzed by
calculation of the product χN , assuming χ4VP,API ≈ 0.03 and N ≈ Mn / 100
g·mol−1. According to the obtained values illustrated in Table 3.4, all BCPs
are well within the intermediate segregation regime (10.5 < χN < 100). Due
to the low weight fraction of some of the spherical forming block copolymers
(P4PA80k-10 and P4PA48k-83), these polymers could still be located in the
disordered region of the theoretical phase diagram as proposed by Matsen and
coworkers.162 However, without proper SAXS data, unfortunately no conclu-
sions can be drawn about their equilibrium structure from TEM images only.
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Figure 3.11: Room temperature TEM images of P4PA15k-54 (a) and P4PA31k-47 (b)
after being stained with iodine. Inset shows their corresponding Fourier transformation.

Finally, in order to be able to confirm the χ-parameter obtained from our
random copolymer approach, two additional symmetric low molecular weight
diblock copolymers were prepared. Based on their composition a lamellar struc-
ture should be formed, although insufficiently strong segregation could result
in a disordered melt. TEM micrographs of thermally annealed bulk films are
displayed in Figure 3.11. Indeed, as expected a highly disordered morphology
can be observed for P4PA15k-54 (χN ≈ 4.4) and is confirmed by SAXS due
to the absence of any Bragg diffraction (Figure 3.6). P4PA31k-47 on the other
hand, which is just on the border of microphase separation (χN ≈ 9.2), still
shows an ordered lamellar structure (d = 23 nm). Small uncertainties that
were included throughout the complete analysis, such as the assumption of
equal densities for P4VP and PAPI, the determination of molecular weights by
GPC, estimation of compositions by NMR and the use of weight instead of vol-
ume fractions, could account for this slightly deviating behavior. According to
the self-assembly of these BCPs the order of magnitude of χ4VP,API is however
correct and furthermore, its size is undoubtedly situated in between χS,MMA
and χS,I.

3.4 Conclusions

Pseudo first-order kinetics and linear increase of the molecular weight with con-
version were observed in the polymerization of both 4VP and API by RAFT,
indicating the controlled nature of the reactions. Fast propagation of API com-
pared to 4VP allowed the synthesis of various P4VP-b-PAPI diblock copolymers
with low polydispersities, predictable compositions and predictable molecular
weights, starting from a P4VP macro-CTA.
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All classical morphologies (spheres, cylinders and lamellae) were identified in
the bulk material as evidenced by TEM and SAXS, although their scattering
intensity was found to be rather low, presumably caused by a small electron
density difference. In addition, even diblocks with higher molecular weights
(Mn > 100 kg·mol−1) and broader distributions (Mw/Mn ≈ 1.3) still demon-
strated very well ordered cylindrical or lamellar structures.

An estimation for the monomer miscibility was performed by determination
of the Flory-Huggins interaction parameter using a random copolymer blend
approach. From these miscibility tests, the obtained value for the χ-parameter
(χ4VP,API ≈ 0.03) supports the previously observed BCP self-assembly and
furthermore, is positioned in between the interaction parameters of the well-
studied styrene/MMA and styrene/isoprene systems. Besides that, the phase
behavior of symmetric low molecular weight diblock copolymers in the vicinity
of the critical value for microphase separation was established to be in excellent
agreement with this quantity.





Chapter 4

Symmetric Supramolecular
Double-Comb Diblock
Copolymers: a Comb Density
Study

A double-comb diblock copolymer was constructed experimentally using a double
supramolecular approach. Addition of 3-nonadecylphenol (3-NDP) amphiphiles to a
symmetric, double hydrogen bond accepting poly(4-vinylpyridine)-block-poly(N -
acryloylpiperidine) (P4VP-b-PAPI) diblock copolymer resulted in microphase sepa-
ration on both the block copolymer and polymer-amphiphile level. Variation of the
comb density x in these [P4VP-b-PAPI](3-NDP)x supramolecular complexes gave rise
to several unique hierarchical nanostructures. For high comb densities (x = 0.8− 1.2)
double perpendicular lamellae-in-lamellae were observed, while lowering the density to
x = 0.5 resulted in a double parallel lamellar morphology as demonstrated by small-
angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). Further
decreasing the concentration of 3-NDP (x = 0.3) caused the complex to self-assemble
into cylinders-in-lamellae, while for x = 0.1, 3-NDP only served as plasticizing agent.
The phase transitions identified as a function of x are all in excellent agreement with
our previously performed theoretical analysis.

Parts of this chapter were published in: Macromolecules, 2014, 47, 5913−5925
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4.1 Introduction

Block copolymers have attracted lots of attention in the past decades and are
these days still one of the major topics in polymer science. Because of the
connection between the different blocks and their inability to mix, phase sepa-
ration is confined to the molecular level. For a simple diblock copolymer this
phenomenon already leads to the formation of quite some fascinating mesostruc-
tures, which depend on the Flory-Huggins interaction parameter (χ), the molec-
ular weight (N ) and the composition (volume fraction f ).24 For this particular
system several structures have been identified,11,22 including spherical, cylin-
drical, lamellar and even bicontinuous network morphologies.179,180 With the
recent development of new, more advanced synthesis routes more challenging
polymer architectures have become accessible, which in turn result in more com-
plex morphologies upon microphase separation. Examples of these are triblock
terpolymers,26 multiblock copolymers44,47 and even star-shaped polymers.38

Comb-shaped polymers are a slightly different class of soft matter, but can be
described in a similar fashion as the previously discussed diblock copolymers.
Instead of a linear PA-b-PB block copolymer, in this system the second block
is introduced by attaching side chains B to a polymer backbone A. A very
elegant route toward such comb-shaped polymers is by introducing the side
chains using supramolecular principles, i.e., coupling of surfactant molecules to
a homopolymer backbone via ionic or hydrogen bonding. For such systems,
the balance between the attractive (head-polymer interaction) and repulsive
forces (tail-polymer interaction) is crucial in order to get a microphase separated
structure. Many different types of complexes that are based on this principle
have been reported in literature. Very recently, Tolentino et al. formed a poly-
electrolyte complex by simply mixing alkanoyl choline amphiphilic molecules
with poly(γ-glutamate), resulting in an alternating polypeptidic/paraffinic lay-
ered structure.59 Another ionic complex was investigated by Ikkala and oth-
ers in 1995. They combined both poly(2-vinylpyridine) (P2VP) and poly(4-
vinylpyridine) (P4VP) with p-dodecylbenzenesulfonic acid (DBSA) and showed
that both blends formed a layered nanostructure as well.57 Furthermore, liquid
crystalline behavior was characterized in complexes with higher comb densities.
Since then P4VP has become one of the most popular polymers for the prepa-
ration of supramolecular nanostructured soft materials: it was complexed suc-
cessfully with amphiphilic phenylazophenols,70 cholesteryl hemisuccinate,64,66

a small dendritic benzoic acid derivative65 and even functionalized oligothio-
phenes.68
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Another combination based on P4VP that was examined thoroughly by both
our group and others is its complexation with 3-pentadecylphenol (3-PDP).74

The thermal behavior of this supramolecular complex was found to be very
interesting, since it forms an alternating crystalline amphiphilic/amorphous
P4VP layered structure at room temperature, melts around 30 ◦C to give a
liquid crystalline lamellar morphology and finally has its order-disorder tran-
sition (ODT) at approximately 70 ◦C. Switching to a similar amphiphile with
a slightly longer tail (4-nonadecylphenol, 4-NDP) allowed real space imag-
ing of the lamellar structure by transmission electron microscopy (TEM) due
to the enhanced stability of the complex (see also Chapter 2).73 When the
P4VP homopolymer was replaced for a polystyrene (PS) based diblock copoly-
mer, simultaneous self-assembly of the P4VP-b-PS diblock copolymer and the
P4VP(4-NDP) comb part led to hierarchical structure formation.78 The ob-
served morphologies included structures like perpendicular lamellae-in-lamellae,
cylinders-in-lamellae and lamellae-in-cylinders. Another interesting feature of
these comb-coil diblock copolymers is that simple variation of the comb density,
i.e., the concentration of n-alkylphenol, allows control over the volume fraction
of the P4VP(3-PDP) block and thus over the large length scale morphology.
For instance, in a recent publication,79 our group demonstrated the accessi-
bility of the bicontinuous double gyroid in several supramolecular complexes.
Finally, the flexibility of this system was successfully applied in the preparation
of ordered metal nanofoams21 and polymeric photonic crystals.181

Scheme 4.1: Schematic representation of the [P4VP-b-PAPI](3-NDP)x supramolec-
ular complex. In this complex the value of x is 1.0, meaning one 3-NDP surfactant is
added per monomer unit.
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For further extension of the complexity of these materials, one can think of in-
troducing side chains on the second block as well, resulting in what we will refer
to as a double-comb diblock copolymer. According to the theoretical work of
Markov et al.82 self-assembly of such block copolymers could result in intrigu-
ing hierarchical morphologies upon microphase separation of all components.
Several experimental examples of such materials have been reported in litera-
ture, but so far this approach was mostly used to achieve high molecular weight
block copolymers,84,85,182 without paying attention to the internal self-assembly
of the comb blocks, or only one of the two small structures could be observed in
real space.86,87 To date, the only example in which both small length scales were
observed simultaneously by TEM, is our system based on a double supramolec-
ular approach.88 Here the theoretical double-comb diblock copolymer was re-
constructed experimentally by replacing the PS block of the comb-coil diblock
copolymer by a poly(N,N -dimethylacrylamide) (PDMA) block. Upon addition
of 3-PDP amphiphiles, the hydrogen bond accepting capability of both P4VP
and PDMA resulted in the predicted double perpendicular lamellar-in-lamellar
structure.

In this chapter we will introduce an enhanced version of the previously de-
scribed supramolecular approach. For achieving this, we replaced the PDMA
block by another acrylamide block (poly(N -acryloylpiperidine), PAPI), which
is less hygroscopic, and used amphiphiles with a longer tail: 3-nonadecylphenol
(3-NDP). As we will demonstrate, this new combination results in better mi-
crophase separation and enhanced stability of the complex. Finally, the influ-
ence of the comb density x on the self-assembly of [P4VP-b-PAPI](3-NDP)x
(Scheme 4.1, x represents the number of 3-NDP molecules per monomer unit)
was investigated as well.

4.2 Experimental

4.2.1 Materials

A symmetric poly(4-vinylpyridine)-block-poly(N -acryloylpiperidine) diblock
copolymer (P4VP-b-PAPI) was prepared according to the route described in
Chapter 3 (P4PA57k-47, Mn = 56.5 kg·mol−1, Mw/Mn = 1.06, fP4VP = 0.47).
P4VP (Mn = 28.8 kg·mol−1, Mw/Mn = 1.05) and PAPI (32.2 kg·mol−1, Mw/Mn

= 1.18) homopolymers were synthesized via RAFT polymerization as well.
3-nonadecylphenol (3-NDP) was obtained following the procedure described
in Chapter 2.
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4.2.2 Sample preparation

Bulk films were prepared by dissolving ca. 150 mg material (polymer or poly-
mer together with the calculated amount of 3-NDP) in N,N -dimethylformamide
(max. 2 wt%) and casting these solutions into Petri dishes (d = 4 cm). Complete
evaporation of the solvent was achieved in approximately 1 week by heating the
dishes to 45 ◦C. The supramolecular complexes were finally annealed at 130 ◦C
for about 1 h, while the pristine block copolymer was annealed for 5 days at
200 ◦C in a vacuum oven.

Ultrathin sections (60 to 80 nm) for TEM were obtained by microtoming in
epoxy (Epofix, Electron Microscopy Sciences) embedded pieces of the poly-
mer films using a Leica Ultracut UCT ultramicrotome equipped with a 35 ◦
DiATOME diamond knife. Sections of the homopolymer complexes were cut at
cryo conditions. Enhanced contrast in the block copolymer and block copoly-
mer complexes was realized by staining the sections with ruthenium tetroxide
(RuO4) for 30 min and iodine (I2) for 10 min to 1 h, respectively.

4.2.3 Characterization

Attenuated total reflection (ATR) infrared spectroscopy was performed on a
Bruker IFS88 equipped with an MCT-A detector at a resolution of 4 cm−1.

Differential scanning calorimetry (DSC) was carried out on a TA Instruments
DSC Q1000 by heating the samples to at least 160 ◦C and cooling to −20 ◦C at
a rate of 10 ◦C·min−1. The second heating cycle was used for analysis.

Room temperature polarized optical microscopy (POM) was conducted on a
Zeiss Axiophot. Samples were prepared by sandwiching a piece of the polymer
film between two glass slides. In case the film was too thick or not flat, it
was shortly heated above its glass transition or melting temperature and sub-
sequently cooled to room temperature. In order to improve contrast, a λ wave
plate was inserted between the crossed polarizers.

Shear-induced alignment of [P4VP-b-PAPI](3-NDP)0.5 and [P4VP-b-PAPI](3-
NDP)1.0 was performed on a modified Bohlin VOR rheometer.183 Although
this tooth rheometer was specially designed for in situ SAXS measurements,
another advantage of this instrument is the possibility to analyze small quanti-
ties of material, i.e. typical sample sizes were of 5 mm × 3 mm × 0.5 mm. For
the study presented here the rheometer was only utilized ex situ. Alignment
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was performed in a continuous oscillatory mode at a frequency of 1 Hz with
a shear amplitude of approximately 80% at a constant temperature of 60 ◦C.
Shearing took place for about 1 h, since within this time frame the rheological
parameters G′, G′′ and phase angle ϕ reached constant values.

Small-angle X-ray scattering (SAXS) measurements were carried out at the
Dutch-Belgian Beamline (DUBBLE) station BM26B of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France.160,161 The sample-
to-detector distance (Dectris Pilatus 1M) of the setup was ca. 5.0 m. The
scattering vector q is defined as q = 4π/λ sin θ with 2θ being the scattering
angle and λ the wavelength of the X-rays (1.03 Å). The acquisition time was 5
min per sample.

Additional SAXS measurements, for the small structures and aligned samples,
were conducted on a modified Bruker NanoStar combined with a MicroStar
X-ray source (λ = 1.54 Å), with a sample-to-detector distance ranging from 24
to 104 cm. Data was collected for 3 min per sample.

Stained polymer sections were analyzed at room temperature on a Philips CM12
transmission electron microscope operating at an accelerating voltage of 120 kV.
Images were recorded on a Gatan slow-scan CCD camera. Unstained samples
were measured at the Nanomicroscopy Center (Aalto University, Espoo, Fin-
land) using a JEOL JEM-3200FSC cryo-TEM operating at 300 kV. Micrographs
collected on this instrument were taken in bright field mode using zero-loss en-
ergy filtering (omega type) with a slit width of 20 eV and recorded on a Gatan
Ultrascan 4000 CCD camera. For enhanced stability, the sections were kept at
liquid helium temperature during imaging.

4.3 Results and discussion

4.3.1 Self-assembly of the individual components

For constructing the by Markov et al.82 theoretically investigated double-comb
diblock copolymer system, we chose to use a double supramolecular approach,
since this brings several advantages over a double covalent route. First of all,
in order to look into the influence of the comb density on its self-assembly, only
one diblock copolymer needs to be synthesized. In other words, a variation of
the comb density can simply be obtained by changing the concentration of the
amphiphilic molecules. Furthermore, their hydrogen bonding and the crystal-
lization of the aliphatic tails can cause very interesting thermal behavior, result-
ing in phenomena like order-order transitions (OOTs). On the other hand, both
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properties make the phase behavior more complex, since a preference of the am-
phiphiles for one of the blocks will always be present due to stronger hydrogen
bonding and the crystallization could dominate the microphase separation. For
this reason the self-assembly of all individual components, i.e., self-assembly
of both homopolymer complexes and of the pristine symmetric diblock copoly-
mer, will be discussed first. Moreover, successful microphase separation of these
three systems is required in order to let the double supramolecular route suc-
ceed.

For the homopolymer complexes P4VP(3-NDP)x and PAPI(3-NDP)x bulk films
were prepared with equimolar amounts of 3-NDP only, i.e., x = 1.0, which
means that one amphiphile was added per monomer unit. A powerful tool for
investigating complex formation is infrared spectroscopy, since the vibrational
modes of the involved bonds will change upon hydrogen bonding and thus their
absorption frequencies as well. Hydrogen bonding in P4VP-based complexes
has been studied extensively and in general the pyridine ring stretching modes
at 1597, 1415 and 993 cm−1 were found to be most affected upon bonding,119,133

while for acrylamides the carbonyl bond (∼1650 cm−1) is primarily involved in
the complex formation.184

Figure 4.1: Infrared spectra of P4VP(3-NDP)1.0 (a) and PAPI(3-NDP)1.0 (b) clearly
indicate the presence of hydrogen bonding in both complexes.

Figure 4.1a shows the infrared spectra of P4VP homopolymer, 3-NDP and the
complex P4VP(3-NDP)1.0 in these spectral areas of interest. Shifts of the pre-
viously discussed three bands can clearly be observed: 1595 → 1600 cm−1 (+5
cm−1), 1414 → 1420 cm−1 (+6 cm−1) and 993 → 1007 cm−1 (+14 cm−1).
The increase of these frequencies is due to stiffening of the pyridine ring, that
indicates the presence of hydrogen bonding. Furthermore, the magnitude of
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the measured differences are similar to the shifts found in P4VP(3-PDP)1.0 ho-
mopolymer complexes.74 The PAPI homopolymer shows a very strong, broad
absorption band at 1626 cm−1 (Figure 4.1b). Upon addition of 3-NDP this
band shifts to 1611 cm−1 (−15 cm−1), which is characteristic for hydrogen bond
formation in amide-based complexes due to weakening of the carbonyl bond.185

Figure 4.2: DSC thermograms of P4VP(3-NDP)1.0, PAPI(3-NDP)1.0 and 3-NDP
(a). Room temperature POM images of P4VP(3-NDP)1.0 (b) and PAPI(3-NDP)1.0
(c) homopolymer complexes and [P4VP-b-PAPI](3-NDP)x block copolymer complexes
with x = 1.0 (d), 0.5 (e), 0.3 (f) and 0.1 (g).

Thermal properties of both homopolymer complexes were studied using DSC.
According to the results presented in Figure 4.2a, 3-NDP’s alkyl tails in the
PAPI-based complex change to the fluid state sooner compared to P4VP: in
PAPI they melt around 46 ◦C, while in P4VP at 55 ◦C. Furthermore, the
small endothermic peak at 69 ◦C in the P4VP(3-NDP)1.0 complex can be at-
tributed to an order-disorder transition, similar to P4VP(3-PDP)1.0.75 On the
basis of temperature-resolved SAXS measurements (not included) we propose
that the ODT of the acrylamide complex coincides with its melting temper-
ature. This behavior was also observed in the previously reported PDMA(3-
PDP)1.0 supramolecular complex88 and P4VP(2-n-alkylphenol)1.0 comb copoly-
mers (Chapter 2).

Further evidence for the crystalline nature of the complexes at room tempera-
ture is provided by the POM images of P4VP(3-NDP)1.0 and PAPI(3-NDP)1.0
displayed in Figure 4.2b and 4.2c respectively. They clearly show the optically
anisotropic nature, i.e., birefringence, of both materials.
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Figure 4.3: SAXS patterns of P4VP(3-NDP)1.0 and PAPI(3-NDP)1.0 homopolymer
complexes recorded at room temperature.

SAXS measurements were performed in order to provide information on the
self-assembled nature of the complexes. Room temperature intensity profiles of
both P4VP and PAPI complexed with equimolar amounts of 3-NDP (Figure
4.3) show identical behavior: three scattering maxima can be observed with a
ratio of 1q* : 2q* : 3q* (q* being 1.6 nm−1). This suggests P4VP(3-NDP)1.0
and PAPI(3-NDP)1.0 forming a lamellar nanostructure with a domain spacing
of 3.9 nm, and is confirmed by the TEM images of unstained polymer sections
illustrated in Figure 4.4.

Figure 4.4: Transmission electron micrographs of unstained P4VP(3-NDP)1.0 (a) and
PAPI(3-NDP)1.0 (b) supramolecular complexes.

Although it appears to be challenging to determine the exact degree of com-
plexation in both supramolecular homopolymer complexes, the small shoulder
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on the high wavenumber side of PAPI(3-NDP)1.0’s carbonyl absorption band
might for example suggest incomplete complex formation, no characteristics of
free, macrophase separated 3-NDP could be identified in DSC (Figure 4.2a) and
SAXS (Chapter 2, neat 3-NDP). On the basis of these results, one can conclude
that for both P4VP and PAPI the degree of complexation with 3-NDP is close
to 100%.

Figure 4.5: SAXS profile (a) of the symmetric P4VP-b-PAPI diblock copolymer
(fP4VP = 0.47) and transmission electron micrograph (b). P4VP lamellae appear dark
due to staining with RuO4 (30 min).

In order to let the double supramolecular route succeed, the P4VP-b-PAPI
diblock copolymer is required to form an ordered structure spontaneously as
well. Because of its symmetric composition and being situated well within
the intermediate segregation regime (χN ≈ 17), self-assembly resulted in the
expected lamellar morphology with a periodicity of 37 nm (Figure 4.5). A
more detailed analysis of this particular diblock can be found in Chapter 3
(P4PA57k-47).

4.3.2 Self-assembly of [P4VP-b-PAPI](3-NDP)1.0

Since both homopolymers P4VP and PAPI successfully formed supramolecular
complexes upon addition of 3-NDP and the diblock copolymer self-assembled
into a lamellar nanostructure, both requirements were fulfilled for continuation
of the double supramolecular approach. Nevertheless, this achievement obvi-
ously does not imply successful application in a double-comb diblock copoly-
mer, because the mechanism behind this approach is quite complicated. The
first double-comb diblock copolymer that will be described is the equimolar
composition, since comparison with the homopolymer complexes will be most
straightforward.
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Figure 4.6: Infrared spectra of [P4VP-b-PAPI](3-NDP)1.0, P4VP-b-PAPI and 3-NDP
(a). DSC thermograms of [P4VP-b-PAPI](3-NDP)x supramolecular double-comb di-
block copolymer complexes, with x = 0.1, 0.3, 0.5 and 1.0 (b).

In the P4VP and PAPI comb-shaped polymers, FT-IR showed three band shifts
of P4VP upon addition of 3-NDP, while for PAPI only the absorption of the car-
bonyl group changed. For the uncomplexed diblock copolymer, all four (1631,
1595, 1414 and 993 cm−1) can be observed distinctly (Figure 4.6a). However,
when mixed with 3-NDP significant overlap of the signals was detected in the re-
gion 1675 − 1550 cm−1. In the P4VP complex it was found that upon hydrogen
bonding the absorption band at 1595 cm−1 shifts to higher frequencies, while
PAPI’s carbonyl (1631 cm−1) moved to lower frequencies. Hydrogen bonding
on both sides of the block copolymer (BCP) could therefore explain the single
broad band found at 1602 cm−1, but as a result a quantitative analysis of the
hydrogen bonding cannot be performed. Examination of P4VP’s absorption
band at 993 cm−1 is even more problematic, as PAPI strongly absorbs infrared
light in this region. Finally, the shift of the absorption at 1414 cm−1 (1421
cm−1, +7 cm−1) clearly indicates hydrogen bonding on the P4VP side. Sum-
marizing, based on these observations, one can conclude that 3-NDP is roughly
equally distributed over both blocks, since free carbonyl is completely absent
and the magnitude of P4VP’s shift at 1414 cm−1 is similar to the homopolymer
complex.

Indeed, the DSC thermogram of the x = 1.0 complex displayed in Figure 4.6b
contains characteristics of both homopolymer complexes: two melting events
at 47 ◦C (Tm,1) and 54 ◦C (Tm,2) can be observed and a small peak appears
at 70 ◦C originating from P4VP(3-NDP)’s ODT. Furthermore, each melting
endotherm corresponds to approximately 30 J·g−1, exactly half the size of the
homopolymer complexes (60 J·g−1).
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Figure 4.7: Temperature-resolved SAXS intensity profiles (a) of [P4VP-b-PAPI](3-
NDP)1.0 at 30 ◦C (T < Tm,1), 50 ◦C (Tm,1 < T < Tm,2), 60 ◦C (Tm,2 < T < TODT) and
80 ◦C (T > TODT). Room temperature SAXS pattern of [P4VP-b-PAPI](3-NDP)1.0
recorded at smaller angles (b).

Investigation of the small structure, i.e., polymer-amphiphile self-assembly, by
temperature-resolved SAXS provides additional evidence for the presence of
two different comb blocks (Figure 4.7a). At room temperature (30 ◦C) a single
small lamellar structure can be detected with a long period of 3.9 nm, the same
size as both P4VP(3-NDP)1.0 and PAPI(3-NDP)1.0. When having passed the
first melting point (50 ◦C), this lamellar structure remained, although with a
lower scattering intensity. Bringing the complex into the melt (60 ◦C) caused
this scattering maximum to move to lower q-values (d = 4.2 nm) and further
heating above the ODT (80 ◦C) led to complete disappearance of the small
structure. Then only a very broad correlation hole peak could be observed. On
the basis of these measurements, we propose that the alkyl tails of 3-NDP can
first be molten on the PAPI side of the double-comb diblock copolymer, giving
rise to an isotropic PAPI(3-NDP) phase. Further heating of the complex causes
a crystalline to liquid crystalline phase transition to occur on the P4VP side,
resulting in expansion of the small P4VP(3-NDP) lamellae due to less efficient
packing of 3-NDP’s aliphatic tails. Finally a disordered melt is obtained when
passing through the ODT of the P4VP(3-NDP) comb.

To establish whether the complex is phase separated at the block copolymer
length scale, additional SAXS measurements were performed on a setup with
a larger sample-to-detector distance. The SAXS profile in Figure 4.7b does
include the first scattering peak of the small lamellar structure (3.9 nm), but
no scattering peaks can be observed at lower q-values. This could indicate that
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a not fully phase separated system was realized, although this contradicts the
previously obtained DSC and SAXS results, since these implied the existence
of two distinct comb blocks.

Figure 4.8: Iodine stained (60 min) TEM image of [P4VP-b-PAPI](3-NDP)1.0. Rhe-
ological data of the [P4VP-b-PAPI](3-NDP)1.0 supramolecular complex during shear-
induced alignment (b). The asymptotic values for G′, G′′ and ϕ indicate successful
alignment of the BCP structure.

After selective staining of P4VP with iodine, a large lamellar structure with
a periodicity of about 40 nm became visible in TEM (Figure 4.8a). Further-
more, small perpendicularly oriented lamellae can be observed within the P4VP
domains. No small structure could be discovered within the white PAPI lamel-
lae. The lack of scattering of this large structure in SAXS is likely caused by
a strongly reduced electron density contrast due to the high concentration of
3-NDP on both sides (about 75 wt%).

Figure 4.9: 2D SAXS patterns of the shear-induced aligned [P4VP-b-PAPI](3-
NDP)1.0 supramolecular complex, tangential (a), radial (b) and normal (c) to the
direction of shear.
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In order to be able to observe both small structures simultaneously, unstained
sections of the complex were analyzed using cryo-TEM. However, since PAPI
and P4VP form identical lamellar morphologies upon addition of 3-NDP, shear-
aligned samples were microtomed in the radial direction. Without alignment it
would be impossible to distinguish block copolymer domains from large, tilted
domains composed of solely P4VP(3-NDP) or PAPI(3-NDP).

Figure 4.10: Transmission electron micrographs of stained (iodine, 20 min) (a) and
unstained (b) [P4VP-b-PAPI](3-NDP)1.0 after shear-induced alignment.

Both the rheological characteristics (G′, G′′ and ϕ) and 2D SAXS data (Figures
4.8b and 4.9, respectively) indicate proper alignment of the block copolymer
complex. Indeed, the stained TEM image presented in Figure 4.10a shows
highly oriented BCP lamellae, accompanied by a small perpendicular lamel-
lar structure within the P4VP domains. Without staining, a block copolymer
structure could not be observed, although larger domains of small lamellae could
be seen (Figure 4.10b). Because of the orientation in this sample, it is likely
that these lamellae consist of both P4VP(3-NDP) and PAPI(3-NDP). On the
basis of these observations, it can be concluded that this block copolymer com-
plex forms double perpendicular lamellae, similar to the hierarchical structure
found in our previous [P4VP-b-PDMA](3-PDP)1.0 system, but with enhanced
phase separation. Scheme 4.2a represents the arrangement of P4VP-b-PAPI
and 3-NDP schematically.

4.3.3 Self-assembly of [P4VP-b-PAPI](3-NDP)0.5

A very interesting property of the double supramolecular approach is the facile
adjustment of its comb density, as this parameter is proportional to the con-
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Scheme 4.2: Schematic representation of the double perpendicular lamellar-in-
lamellar (a, x = 1.0), double parallel lamellar-in-lamellar (b, x = 0.5) and cylindrical-
in-lamellar morphology (c, x = 0.3) as characterized in [P4VP-b-PAPI](3-NDP)x.
Black domains correspond to P4VP, grey to PAPI and white to crystalline 3-NDP.

centration of 3-NDP. Since comb densities of x = 0.8 and x = 1.2 resulted in
similar, but less ordered perpendicular lamellar structures compared to x =
1.0 (Figure 4.11), these complexes will not be discussed in detail. At a lower
concentration (x = 0.5), the 3-NDP alkyl tails are still able to crystallize at
room temperature (DSC, Figure 4.6b) and a very interesting parallel lamel-
lar morphology is observed in TEM after staining with iodine (Figure 4.12a).
Large white PAPI layers alternate with dark P4VP layers that contain a white
internal lamellar structure. Because of overlap in the infrared spectra of such
complexes (see previous section) and the broad signal in DSC, it is impossible
to determine the concentration of 3-NDP in each phase quantitatively, but the
formation of a large lamellar structure suggests approximately equal distribu-
tion.

Figure 4.11: Iodine stained TEM images of [P4VP-b-PAPI](3-NDP)x with x = 0.8
(a) and x = 1.2 (b). For both concentrations a small perpendicular lamellar structure
can be observed within the dark P4VP layers.
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Figure 4.12: Bright-field TEM image of [P4VP-b-PAPI](3-NDP)0.5, stained with
iodine for 1 h (a). Rheological data of the [P4VP-b-PAPI](3-NDP)0.5 supramolecular
complex during shear-induced alignment (b).

Small-angle X-ray scattering confirms the existence of this lamellar morphology
in the bulk material (Figure 4.13a). The repeating unit (d = 27 nm) appears
to be somewhat smaller than the pristine P4VP-b-PAPI diblock copolymer (d
= 37 nm), which is probably caused by a different chain conformation and/or
weaker phase segregation of the blocks due to incorporation of 3-NDP on both
sides. Also the reduced intensity of the second order reflection and the absence
of a fourth implies an almost equal thickness of the P4VP and PAPI layers,
which supports our previous statement about the distribution of 3-NDP. An-
other noteworthy observation is the high intensity of the sixth order reflection.
Such a magnitude cannot be caused by the block copolymer structure itself, so
probably this sixth order coincides with a scattering event of another, smaller
structure. The presence of its second order at larger angles (Figure 4.13b) in-
deed confirms the existence of a smaller lamellar structure (d = 4.5 nm).

In TEM a small structure was visualized within the P4VP lamellae, however
it is not periodic and therefore it cannot give rise to the observed scattering
maxima. In order to obtain more information about the relative orientation
of the two structures, the [P4VP-b-PAPI](3-NDP)0.5 complex was subjected
to shear as well (Figure 4.12b) and analyzed by SAXS. No scattering can be
observed in the 2D pattern recorded normal to the direction of shear (Figure
4.14a), while both the radial and tangential direction show the same diffraction
pattern (Figure 4.14b and c). This observation indicates the formation of a
large and small lamellar structure that are oriented parallel to each other.

Without applying any staining agent, in TEM a six-layered structure can be
observed within the PAPI lamellae as well (Figure 4.15a). Interestingly, the
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Figure 4.13: SAXS profiles of [P4VP-b-PAPI](3-NDP)0.5 in the low-q (a) and high-
q region (b) confirm the presence of a large (27 nm) and small (4.5 nm) lamellar
nanostructure.

Fourier transformation of a different area of this sample (Figure 4.15b) shows
relatively broad dots corresponding to the small internal structure (Figure
4.15c). Indeed, when a part of this image is integrated (red square in Figure
4.15b) one can clearly see that the lamellar structure inside PAPI is consid-
erably smaller than within P4VP, i.e. 4.0 nm vs 5.0 nm (Figure 4.15d). This
observation suggests a higher concentration of 3-NDP in the PAPI phase, as
in that case the polymer chains are forced to stretch more, resulting in thinner
lamellae. Finally, these observations in TEM are well in agreement with the
appearance of a single, broad scattering maximum in SAXS: the large BCP
structure is actually a superposition of the imperfectly ordered small internal
structure (dL = 6dS) and thus gives rise to scattering of both.

Figure 4.14: 2D SAXS patterns of the shear-induced aligned [P4VP-b-PAPI](3-
NDP)0.5 supramolecular complex recorded in the normal (a), radial (b) and tangential
direction (c).
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The formation of parallel lamellae in comb-shaped block copolymers is not
unique,66 but the existence of multiple layers in [P4VP-b-PAPI](3-NDP)0.5 sug-
gests that the polymer chains need to cross the crystalline, white (in TEM)
amphiphilic layers (Scheme 4.2b). This behavior has never been observed ex-
perimentally in block copolymer complexes, but was predicted theoretically
by Wang et al. for an A-b-(A-comb-B) coil-comb diblock copolymer.186 In our
case, however, such unique phase segregation appears to happen in both blocks.
Although the preference for the formation of exactly 6 internal layers within
each block over a single parallel layer per phase originates from the amphilic
and crystalline nature of the complex, a more detailed discussion regarding its
mechanism will be given in Chapter 5. Finally, although our supramolecular
approach is much more complex, the double parallel structure is in excellent
agreement with our theoretical work on double-comb diblock copolymers, since
a parallel orientation of the small structure was predicted for lower comb den-
sities.

Figure 4.15: Unstained TEM images of the [P4VP-b-PAPI](3-NDP)0.5 supramolec-
ular complex. The Fourier transformation (c) and integration (d) of image (b) reveal
the existence of two different, internal, parallel lamellar structures of about 4.0 nm
(PAPI) and 5.0 nm (P4VP).

4.3.4 Self-assembly of [P4VP-b-PAPI](3-NDP)0.3

Further decreasing the comb density to x = 0.3 still allowed 3-NDP’s alkyl tails
to crystallize at room temperature (DSC thermogram in Figure 4.6b), while
transmission electron microscopy showed its self-assembly into a hexagonally
ordered cylindrical structure (Figure 4.16a). The ratio q* : 2q* :

√
7q* of the

scattering maxima found in the SAXS profile displayed in Figure 4.17a confirm
this TEM image to be representative for the bulk material (d = 36 nm).
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Figure 4.16: Transmission electron micrographs of the [P4VP-b-PAPI](3-NDP)0.3
supramolecular complex, stained with iodine (45 min, a) and unstained (b).

The use of a symmetric P4VP-b-PAPI diblock copolymer and the observation
of P4VP(3-NDP) cylinders embedded in a PAPI(3-NDP) matrix points out a
highly asymmetric distribution of 3-NDP and its preference for PAPI. A simple
calculation, assuming cylinders are formed for fP4VP(3-NDP) < 0.3, shows that
[P4VP-b-PAPI](3-NDP)0.3 can also be written as P4VP(3-NDP)0.1-b-PAPI(3-
NDP)0.6. As a result of the high concentration of 3-NDP in the PAPI phase,
its crystallization is expected to be facilitated.

Figure 4.17: SAXS intensity profiles of [P4VP-b-PAPI](3-NDP)0.3 in the low- (a)
and high-q (b) region provide evidence for the existence of both a large cylindrical (36
nm) and small lamellar (4.1 nm) morphology.
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Although a very broad signal is observed in the low-q setup around 1.5 nm−1,
when measured at the high-q setup (Figure 4.17b) it does appear to be a first
order scattering maximum originating from a small lamellar structure (d = 4.1
nm). Without staining, small lamellae are indeed observed within the PAPI(3-
NDP) matrix (Figure 4.16b).

Cylinders-in-lamellae were characterized in supramolecular P4VP(4-NDP)-b-
PS comb-coil diblock copolymers before,78 but in this system the small lamellae
were oriented perpendicularly to the large structure. It is remarkable that in
this double-comb complex the small structure is oriented parallel (Scheme 4.2c),
while it should be energetically less favorable for the polymer chains due to
loop formation and the need to cross the crystalline 3-NDP layers. Although
substrate induced parallel lamellae were detected in thin films of PS-b-P4VP(3-
PDP),187 the reason for such a morphology in a bulk material is still unknown
to us.

4.3.5 Self-assembly of [P4VP-b-PAPI](3-NDP)0.1

At even lower concentrations of 3-NDP, i.e., x = 0.1, the amphiphiles are no
longer able to crystallize and only act as plasticizing agent. Two reduced glass
transitions (26 and 138 ◦C) can be abstracted from the DSC thermogram as
shown in Figure 4.6b. Furthermore, the absence of any form of crystallinity or
small structure is nicely illustrated by the POM image in Figure 4.2g, since the
material is optically isotropic, while all other previously discussed supramolec-
ular complexes do show some degree of birefringence (Figure 4.2d-f).

Figure 4.18: SAXS patterns of [P4VP-b-PAPI](3-NDP)0.1 recorded at small (a) and
larger (b) angles. Although this complex is found to self-assemble into a large lamellar
structure (d = 43 nm), ordering is absent at the polymer/amphiphile level.
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From the SAXS patterns in Figure 4.18, it can be concluded that a large lamel-
lar structure is formed in this block copolymer complex (d = 43 nm), while,
as expected, no ordering is observed at smaller length scales. When 3-NDP
would have dissolved exclusively in PAPI, the maximum value for y in P4VP-
b-PAPI(3-NDP)y would be 0.2 and the overall mass fraction of PAPI(3-NDP)y
would be 0.64. Even in this extreme case, both estimations still imply the com-
plex to self-assemble into a lamellar BCP morphology without ordering at the
polymer-amphiphile level.

Interestingly, large domains of lamellae are observed in TEM after staining with
iodine (Figure 4.19), which is presumably caused by enhanced mobility of the
block copolymer chains. Besides the changed electron density difference, this
observation might explain the increased scattering intensities in SAXS as well.
Although no small structure is formed at such low comb densities, the addition
of small quantities of amphiphilic molecules could therefore still be an attractive
tool for enhancing the ordering in high molecular weight diblock copolymers.

Figure 4.19: Transmission electron micrograph of iodine stained (60 min) [P4VP-b-
PAPI](3-NDP)0.1. It clearly shows the increased domain size of the lamellar morphol-
ogy compared to the pristine diblock copolymer.

4.4 Conclusions
In this work, a double supramolecular route was applied in order to rebuild
our previously reported theoretical double-comb diblock copolymer system. A
combination of relatively simple components, i.e., a symmetric P4VP-b-PAPI
diblock copolymer and small 3-NDP amphiphilic molecules, led to a very rich



104 Symmetric Supramolecular Double-Comb Diblock Copolymers

phase behavior of [P4VP-b-PAPI](3-NDP)x, not observed in block copolymer-
based materials before.

For high comb densities (x = 0.8 − 1.2) a double perpendicular lamellar-in-
lamellar structure was characterized, similar to our previously studied [P4VP-
b-PDMA](3-PDP)x supramolecular double-comb system. Compared to this
system, the hierarchical structure was found to be more stable and showed
enhanced ordering.

Lowering the comb density to x = 0.5 resulted in an even more unique archi-
tecture: small parallel lamellae were observed in both P4VP and PAPI layers
simultaneously. Each large lamella consisted of three alternating crystalline
amphiphile/glassy polymer layers. The large BCP structure turned out to be
a superposition of the small lamellae, giving rise to scattering maxima of both
structures in SAXS. Although slightly more complex, these findings are in ex-
cellent agreement with our theoretical work.

The complex with x = 0.3 was demonstrated to self-assemble into a cylindrical-
in-lamellar morphology. No small structure was observed within the P4VP
containing cylinders, while a small parallel lamellar structure was shown to ex-
ist in the PAPI(3-NDP) matrix. Calculation of the concentration of 3-NDP
supported the idea of the amphiphiles being almost exclusively dissolved in the
PAPI phase.

Further decreasing the comb density to x = 0.1 caused 3-NDP to act as a plas-
ticizing agent only. Large BCP lamellae were characterized by both SAXS and
TEM, while microphase separation could not be identified at a smaller length
scale. Although hierarchical self-assembly was absent in this supramolecular
complex, addition of a small quantity of 3-NDP did enhance the phase segre-
gation of the diblock copolymer.



Chapter 5

Hierarchical Layer Engineering
Using Supramolecular
Double-Comb Diblock
Copolymers

Double-comb (or bottlebrush) diblock copolymers based on symmetric double hydrogen
bond accepting P4VP-b-PAPI diblock copolymers and donating 3-NDP amphiphiles
have been realized and studied systematically by changing the molecular weight of the
copolymer and concentration of the surfactant x. TEM and SAXS data supported the
spontaneous formation of highly ordered double parallel (low comb densities, x = 0.5)
and double perpendicular lamellae-in-lamellae (high comb densities, x = 1.0). For the
parallel morphology the number of internal layers was found to increase with molecular
weight M , up to 34 for the largest block copolymer. The number of internal structures
n was established to scale as M0.67 and therefore allows easy design of such structures
with great precision. On the other hand, sequential crystallization in the highly diluted
x = 1.0 complexes enabled formation of perpendicular lamellae, even for the shortest
block copolymer.
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5.1 Introduction

Whereas linear diblock copolymers are known to form only four different stable
structures upon self-assembly (i.e. spheres, cylinders, lamellae and gyroid),5,11,22

careful design of the macromolecular architecture or including additional blocks
can enrich the phase behavior significantly.25 For instance, binary AB multi-
block copolymers47 and A(AB)3 miktoarm star polymers188 were recently
demonstrated to give parallel lamellae-in-lamellae or extremely asymmetric
lamellae, respectively. Incorporation of a third component in linear ABC tri-
block terpolymers gave rise to an even higher morphological complexity,33 as
both the block sequence and relative magnitude of all three interaction param-
eters affect their self-assembly. As a consequence, over 30 different structures
have been observed for the linear type to date.27 However, preparation of more
complex polymeric architectures does not automatically imply the formation of
more complex structures, since reduced mobility and confinement of the junc-
tion points can hamper proper phase separation.

Inclusion of a side chain-containing block allows rapid self-assembly of the
copolymer due to reduction of the number of entanglements, and therefore of-
ten results in well-ordered structures with large domain sizes.189 Routes toward
such comb-shaped materials include both all-covalent54,117,190 and supramolecu-
lar chemistry.58,61,66,191,192 Grafting of the second block yields a so-called bottle-
brush or double-comb diblock copolymer.193 Although their semirigid structure
mostly limited the microphase separation to lamellae, the extended wormlike
conformation and high entanglement molecular weight194 allowed rapid forma-
tion of ordered structures with periodicities of over 200 nm. Several research
groups successfully utilized this property for constructing for example bottle-
brush block copolymer-based photonic crystals.84,85,115

For real-life technological applications a synthetically less challenging approach
is required. For example, a supramolecular route58,61,66,192 enables researchers
to produce comb-shaped copolymers by simply combining regular linear block
copolymers (BCPs) and small amphiphilic molecules, thereby avoiding such
complex preparation methods.44,45,84,85 Supramolecular complexes based on
poly(4-vinylpyridine) and 3-pentadecylphenol (P4VP(3-PDP)x, with x repre-
senting the number of 3-PDP molecules per monomer) are among the most stud-
ied comb-shaped systems. Since by now their phase behavior is very well under-
stood74,77 and materials are widely commercially available, several unique func-
tional materials originating from such complexes have been reported. Examples
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include temperature-responsive photonic crystals,181 CdSe/PbS nanoparticle
assemblies,195 and highly ordered Au nanocomposites in thin films128,196,197 or
solution.129

In polystyrene-containing P4VP(3-PDP)x-b-PS comb-coil diblock copolymers,
the supramolecular nature of the complex also provides an easy route for creat-
ing ordered porous structures by simple dissolution of 3-PDP. Such templates
have for instance been refilled with metal or carbon for the preparation of ac-
tuating materials21 or nanoporous cathodes,198 respectively.

From a fundamental point of view these comb-coil systems are surprisingly
interesting as well, as simultaneous self-assembly of both the comb (i.e. 3-
PDP/P4VP) and diblock (i.e. P4VP(3-PDP)x-b-PS) led to hierarchical struc-
ture formation.76 By changing the concentration of the alkylphenol or the com-
position of the parent PS-b-P4VP copolymer, self-assembly gave access to mul-
tiple classical morphologies with an additional internal structure.78 Only highly
sophisticated and synthetically challenging macromolecular architectures were
previously found to give rise to such exceptional phase behavior.

Scheme 5.1: Schematic representation of P4PA(3-NDP)x supramolecular double-
comb diblock copolymers. x represents the number of surfactants per monomer. x =
0.5 (a) and x = 1.0 (b).

Double-comb (or bottlebrush) diblock copolymers could be realized by intro-
ducing a second hydrogen bond accepting block.88 By using a single, sym-
metric P4VP-b-PAPI (P4PA) diblock copolymer, several unique morpholo-
gies were observed in [poly(4-vinylpyridine)-block-poly(N -acryloylpiperidine)]
(3-nonadecylphenol)x complexes as a function of the comb density x (Chapter
4). Besides that, both the double parallel (x = 0.5) and perpendicular align-
ment (x = 1.0) of the internal layers with respect to the large lamellar BCP
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structure were in excellent agreement with our previous theoretical82 and com-
putational work.83

Interestingly though, and in contrast to these all-covalent studies, the parallel
morphology demonstrated multiple internal layers. Although not considered
theoretically, to see whether this approach allows us to design materials with
any number of internal layers, four additional lamellar-forming P4VP-b-PAPI
block copolymers were prepared and complexed to 3-NDP (x = 0.5, Scheme
5.1a). Furthermore, in the first part a more detailed description of the highly
diluted stoichiometric x = 1.0 (Scheme 5.1b) complexes is provided by mak-
ing use of temperature-resolved measurements. Using this simple and elegant
route, both types of complexes demonstrated additional multiblock-like struc-
tures44,45 upon self-assembly.

5.2 Experimental section

5.2.1 Materials

Five symmetric (i.e. fP4VP ≈ fPAPI ≈ 0.5) P4VP-b-PAPI diblock copolymers
with molecular weights ranging from 31 up to 272 kg·mol−1 were prepared by
RAFT polymerization (Chapter 3). Exact reaction conditions are provided in
Tables 5.1 and 5.2, for the preparation of P4VP macro-CTAs and P4VP-b-
PAPI diblock copolymers, respectively. 3-NDP amphiphiles were synthesized
according to the route described in Chapter 2. All solvents were of analytical
grade.

5.2.2 Sample preparation

Neat block copolymer (BCP) bulk films were obtained by slow evaporation
of chloroform (room temperature, P4PA272k-51) or N,N -dimethylformamide
(45 ◦C, other four BCPs) based solutions (150 mg, 2 wt%) in a saturated sol-
vent atmosphere. Complete evaporation was achieved in 4 days up to one week.
Equilibrium structures of the films were checked by thermal annealing at 200 ◦C
in vacuum for at least 5 days.

P4PA(3-NDP)x complexes were prepared by dissolving the parent BCP to-
gether with the calculated amount of 3-NDP (150 mg material) in analytical
grade DMF, and casting these solutions into 4 cm diameter Petri dishes. Sim-
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ilar to the diblock copolymers, full evaporation of the solvent was achieved in
roughly 5 days. Complexes were subsequently annealed at 130 ◦C for 1 h.

Ultrathin sections (80 nm) for transmission electron microscopy (TEM) were
acquired by microtoming in epoxy (Epofix, Electron Microscopy Sciences) em-
bedded pieces of the bulk films using a Leica Ultracut UCT ultramicrotome
equipped with a 35◦ DiATOME diamond knife. Enhanced contrast was real-
ized by staining the sections with iodine for 1 to 3 h (BCPs) or 10 min up to 1
h (complexes).

5.2.3 Characterization

Molecular weights of the P4VP homopolymers and molecular weight distri-
butions (BCPs) were determined by gel permeation chromatography (GPC).
It was performed in DMF (containing 0.01 M LiBr) on a Viscotek GPCmax
equipped with model 302 TDA detectors, using a guard column (PSS-GRAM,
10 µm 5 cm) and two analytical columns (PSS-GRAM-1000/30 Å, 10 µm 30
cm) at a flow rate of 1.0 ml·min−1. Both the columns and detectors were held
at 50 ◦C. Narrow PMMA standards were used for calibration of the system and
samples were filtered over a 0.45 µm PTFE filter prior to injection. Molecu-
lar weights were calculated by applying a triple detection method (refractive
index, viscosity and light scattering) using Viscotec Omnisec software. A prede-
termined refractive index increment (dn/dc) of 0.153 ml·g−1 was used for P4VP
homopolymers.159 Molecular weights of the P4PA diblock copolymers were de-
termined by using their composition (1H-NMR) and the molecular weight of
the applied P4VP macro-CTA.

Differential scanning calorimetry (DSC) was performed on a TA Instruments
DSC Q1000 by heating the samples to 150 ◦C and cooling to −20 ◦C at a rate
of 10 ◦C·min−1. The second heating cycle was used for analysis.

Small-angle X-ray scattering (SAXS) measurements were carried out at the
Dutch-Belgian Beamline (DUBBLE) station BM26B of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France.160,161 The sample-
to-detector distance (Dectris Pilatus 1M) of the setup was ca. 5.0 m. The
scattering vector q is defined as q = 4π/λ sin θ with 2θ being the scattering an-
gle and λ the wavelength of the X-rays (1.03 Å). The acquisition time was 3 to
5 min per sample (room temperature) or 30 s per frame (temperature-resolved
measurements).
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Sections of both iodine stained diblock copolymers and complexes were analyzed
on a Philips CM12 electron microscope operating at an accelerating voltage of
120 kV. Images were recorded on a Gatan slow-scan CCD camera. Unstained
complexes were measured at the Nanomicroscopy Center (Aalto University,
Espoo, Finland) using a 300 kV JEOL JEM-3200FSC cryo-TEM. Micrographs
collected on this instrument were taken in bright field mode using a zero-loss
energy filter (omega type) with a slit width of 20 eV and were recorded on a
Gatan Ultrascan 4000 CCD camera. The samples were kept at liquid helium
temperature for enhanced stability.

5.3 Results and discussion

5.3.1 Block copolymer synthesis and self-assembly

Prior to studying the self-assembly of 3-NDP-based supramolecular complexes,
additional symmetric (i.e. fP4VP ≈ 0.5) P4VP-b-PAPI diblock copolymers were
synthesized via RAFT polymerization. Similar to our previously reported pro-
cedure, block copolymers could be prepared by starting from a P4VP macro
chain transfer agent (Chapter 3). Higher molecular weights (> 100 kg·mol−1)
were obtained by increasing the monomer concentration, reaction time and/or
temperature (Tables 5.1 and 5.2). Due to the relatively high propagation
constants of both 4VP and API monomers, RAFT still yielded well-defined
(Mw/Mn < 1.3), high molecular weight copolymers (up to 272 kg·mol−1, Table
5.3).

The symmetric composition of P4PAyk-z (y denotes the total molecular weight
in kg·mol−1, z the mass fraction P4VP in wt%) caused all diblocks to self-
assemble into the expected lamellar structure, with its size increasing with
molecular weight (Figures 5.1a-e). Since perfect orientation of the lamellar
nanostructure with respect to the viewer’s eye can hardly ever be guaranteed,
true domain spacings were obtained from SAXS. Despite the low contrast in
these P4VP-b-PAPI diblock copolymers, the first order scattering maxima still
allowed abstraction of their periodicity (Figure 5.2). Sizes ranged from 23 up
to 146 nm (Table 5.3).
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Macro-CTA [DIBTTC] [AIBN] [AIBN]/[DIBTTC] [4VP] (M) T tR Conv. Mn,theory Mn,GPC Mw/Mn

P4VP-14k 19 1.0 1/18 3.8 70 21 57 12.8 14.2 1.13

P4VP-29k 9.8 1.0 1/10 3.7 70 20 66 26.5 28.8 1.05

P4VP-52k 6.5 0.63 1/10 6.1 70 18 50 49.3 52.0 1.11

P4VP-93k 4.6 0.55 1/8.4 7.6 70 21 48 83.9 93.4 1.09

P4VP-137k 4.3 0.51 1/8.4 8.0 80 22 64 125 137 1.09

Table 5.1: Reaction conditions and analysis of RAFT-synthesized P4VP macro-CTAs. Concentrations [DIBTTC] and [AIBN]
are in mM, temperatures T in ◦C, reaction times tR in h, conversions (Conv.) in % and molecular weights in kg·mol−1.
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BCP [P4VP] [AIBN] [AIBN]/[P4VP] [API] (M) tR Conv.

P4PA31k-47 14 1.2 1/12 1.7 19 90

P4PA57k-47 7.1 0.76 1/9.4 1.8 17 83

P4PA109k-48 4.2 0.42 1/10 2.2 19 76

P4PA189k-50 2.1 0.24 1/8.4 1.9 22 68

P4PA272k-51 1.1 0.12 1/8.7 1.9 18 56

Table 5.2: Reaction conditions for the preparation of P4VP-b-PAPI diblock copoly-
mers by RAFT. Concentrations [P4VP] and [AIBN] are in mM, reaction times tR in h
and conversions (Conv.) in %.

BCP Mn (kg·mol−1) Mw/Mn fP4VP dSAXS χN

P4PA31k-47 30.5 1.12 0.47 22.6 9

P4PA57k-47 56.5 1.06 0.47 37.2 17

P4PA109k-48 109.2 1.19 0.48 60.2 33

P4PA189k-50 188.7 1.29 0.50 93.4 57

P4PA272k-51 271.8 1.29 0.51 146 82

Table 5.3: Overview of the RAFT-synthesized symmetric P4PA diblock copolymers.
Fractions represent weight fractions, dSAXS is in nm, χ = 0.03 and N = Mn/100
g·mol−1.
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Figure 5.1: Bright field TEM images of iodine stained P4PA diblock copolymers.
P4VP appears dark. P4PA31k-47 (a), P4PA57k-47 (b), P4PA109k-48 (c), P4PA189k-
50 (d) and P4PA272k-51 (e).
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Figure 5.2: Room temperature SAXS patterns of the neat P4PA diblock copolymers.
First order scattering maxima (q*) were used for determination of the long period d.

5.3.2 P4PA(3-NDP)1.0 complexes

Even though the concentration of P4VP-b-PAPI diblock copolymer is as low
as 25 wt% in these stoichiometric (i.e. x = 1.0) supramolecular complexes,
P4PA57-47(3-NDP)1.0 was previously still found to self-assemble into a hierar-
chical double perpendicular lamellar-in-lamellar morphology (Chapter 4). Al-
though perpendicular orientation of the small 3-NDP lamellae with respect to
the large P4PA lamellae was in excellent agreement with our theoretical anal-
ysis,82 additional P4PA(3-NDP)1.0 complexes were prepared using both higher
and lower molecular weight, symmetric P4PA diblock copolymers. As opposed
to the all-covalent theoretical model, this approach, in combination with several
temperature-resolved techniques, would allow us to also include the supramolec-
ular driving forces.

The by DSC obtained thermal behavior of these complexes is demonstrated
in Figure 5.3a. Similar trends can be observed in all five P4PA(3-NDP)1.0
complexes: upon heating, each complex contains two melting events, origination
from melting of the 3-NDP combs on the PAPI (45 ◦C) and P4VP side (55 ◦C),
and a single P4VP(3-NDP) liquid crystalline to disordered transition around
70 ◦C.
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Figure 5.3: DSC thermograms of P4PA(3-NDP)1.0 (a) and P4PA(3-NDP)0.5 (b)
supramolecular double-comb diblock copolymers.

Analysis of iodine stained sections by TEM indeed showed all complexes to self-
assemble on the block copolymer level at room temperature, whereas a small,
perpendicular lamellar structure can be observed within the dark, stained P4VP
layers (Figure 5.4). The appearance of large lamellae suggests approximately
equal distribution of 3-NDP over both phases and is supported by the presence
of two distinct melting points in DSC. Small lamellae within the bright PAPI
layers can simply not be observed due to the applied staining technique.

TEM micrographs of unstained sections indeed show large regions containing
small lamellae, implying the formation of a small structure inside PAPI as
well (Figure 5.5). Although the low block copolymer contrast prevents direct
imaging of both copolymer phases, in certain cases kink bands and/or contrast
difference between domains could indicate the presence of diblock interfaces,
providing indirect evidence for the formation of double perpendicular lamellar-
in-lamellar morphologies (Scheme 5.2a).

Because of the constant comb density and the perpendicular orientation, with
increasing molecular weight the type of structure would also be expected to
remain identical. Room temperature SAXS patterns indeed confirm the for-
mation of small lamellae (dS = 3.9− 4.0 nm) on the polymer/amphiphile level
in all five supramolecular complexes (Figure 5.6). Whereas the stained TEM
images (Figure 5.4) clearly reveal the increasing size of the block copolymer
lamellae with molecular weight, scattering of a large structure in SAXS was
found to be absent. Since both large layers are composed of almost exclusively
(crystalline) 3-NDP, a low electron density contrast is likely the reason for this.
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Figure 5.4: Bright-field TEM images of stained P4PA(3-NDP)1.0 supramolecu-
lar complexes. P4VP appears dark due to staining with iodine. P4PA31k-47 (a),
P4PA57k-47 (b), P4PA109k-48 (c), P4PA189k-50 (d) and P4PA272k-51 (e).
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Figure 5.5: Unstained TEM micrographs of P4PA(3-NDP)1.0 double-comb diblock
copolymers. P4PA31k-47 (a), P4PA57k-47 (b), P4PA109k-48 (c), P4PA189k-50 (d)
and P4PA272k-51 (e).
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Despite these highly diluted systems, it is surprising to see that even the lowest
molecular weight block copolymer (P4PA31k-47) was still able to form an or-
dered structure at room temperature, also because without the addition of am-
phiphilic 3-NDP, the diblock is already closely located to the disordered regime
(χN ≈ 9). An obvious question would therefore be, why this supramolecu-
lar approach allows the formation of such well-ordered structures. In order to
achieve a better understanding of the driving forces responsible for this type of
phase behavior, all complexes were investigated by temperature-resolved SAXS
as well. Scattering as a function of temperature is provided in Figure 5.7a,
taking P4PA109k-48(3-NDP)1.0 as an example. On heating, the scattering in-
tensity of the small structure (qS = 1.6 nm−1) reduced in intensity around
50 ◦C (Tm,1 < T < Tm,2) due to melting of the 3-NDP comb on the PAPI
side. On further heating (60 ◦C, Tm,2 < T < TODT), the crystalline to liq-
uid crystalline transition75 of P4VP(3-NDP) caused this scattering maximum
to shift to qLC = 1.5 nm−1 (dLC = 4.1 nm). In this liquid crystalline state,
3-NDP amphiphiles are no longer crystallized, but still bound to the P4VP
polymer backbone, causing a slightly expanded lamellar microphase separated
morphology. Then this small structure finally disappeared at 70 ◦C, i.e. above
the order-disorder transition (T > TODT, Figure 5.8a).

Interestingly though, a large structure did appear shortly at Tm,1 < T < Tm,2
(Figure 5.8a). In between these two phase transitions, the self-assembled struc-
ture comprises alternating crystalline P4VP(3-NDP)/disordered amorphous
PAPI(3-NDP) layers, giving rise to the enhanced contrast in SAXS. Besides
that, the absence of any scattering maxima in the patterns at temperatures
above TODT indicates a disordered melt. As all transition are fully reversible (a
full heating/cooling scan is displayed Figure 5.7b), the formation of a double-
layered morphology can be understood in the opposite direction, i.e. on cooling
from a disordered melt. Transitions observed in P4PA(3-NDP)1.0 are summa-
rized schematically in Scheme 5.2.

Identical behavior was identified in all other P4PA(3-NDP)1.0 complexes (Fig-
ure 5.9). Scattering of their large length scale at Tm,1 < T < Tm,2 (Figure
5.8b) can provide an indication of the sizes of the large lamellar structure. Ex-
act numbers are given in Table 5.4.

The presence of a disordered melt is supported by our previous attempt to align
the lamellae by shear-induced alignment (P4PA57k-47, Chapter 4). Enhanced
ordering was only obtained at Tm,2 < T < TODT (a fluid, but microphase sep-
arated state), whereas shear alignment at T > TODT was unsuccessful.
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Figure 5.6: Room temperature SAXS profiles of P4PA(3-NDP)1.0 double-comb di-
block copolymers. A low electron density difference only allows observation of the small
structure (qS).

Figure 5.7: Temperature-resolved SAXS intensity patterns (heating scan, a) and full
cooling/heating scan (b) of P4PA109k-48(3-NDP)1.0 recorded at 10 ◦C·min−1.
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Figure 5.8: Temperature-dependent SAXS profiles of P4PA109k-48(3-NDP)1.0 (a).
SAXS patterns of P4PA(3-NDP)1.0 at Tm,1 < T < Tm,2 (b).

Scheme 5.2: Schematic representation of the transitions observed in P4PA(3-
NDP)1.0. Structures at T < Tm,1 (a), Tm,1 < T < Tm,2 (b), Tm,2 < T < TODT
(c) and T > TODT (d). Red (P4VP), green (PAPI).
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Figure 5.9: Temperature-resolved SAXS intensity profiles of P4PA31k-47(3-NDP)1.0
(a), P4PA57k-47(3-NDP)1.0 (b), P4PA189k-50(3-NDP)1.0 (c) and P4PA272k-51(3-
NDP)1.0 (d) (heating scans, 10 ◦C·min−1).

BCP dL (nm) dS (nm)

P4PA31k-47 37.0 4.0

P4PA57k-47 53.0 3.9

P4PA109k-48 74.7 4.0

P4PA189k-50 102 3.9

P4PA272k-51 154 3.9

Table 5.4: Overview of the characteristics of each P4PA(3-NDP)1.0 double perpendic-
ular lamellar-in-lamellar structure. dS was obtained from SAXS at room temperature
and dL at Tm,1 < T < Tm,2.
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Furthermore, rapid cooling of P4PA109k-48(3-NDP)1.0 from T > TODT re-
sulted in a highly disordered structure (Figure 5.10, breakout199), while ther-
mal annealing at Tm,2 < T < TODT gave rise to the double perpendicular
lamellar-in-lamellar morphology as depicted in Figure 5.4c. Such a thermal
treatment was however not necessary for the two lowest molecular weight com-
plexes (P4PA31k-47 and P4PA57k-47), because these double-combs are appar-
ently sufficiently mobile during crystallization of the 3-NDP side chains.

Figure 5.10: TEM image of a quenched P4PA109k-48(3-NDP)1.0 supramolecular
double-comb diblock copolymer. Breakout of the 3-NDP surfactants resulted in a
disordered large structure. P4VP appears dark due to staining with iodine.

The crystalline nature of both combs and their sequential crystallization thus
highly affected the ability to form an ordered morphology, similar to self-
assembly of semicrystalline200 and double-crystalline block copolymers,201 while
the liquid crystalline P4VP(3-NDP) block at Tm,2 < T < TODT allowed thermal
treatment and orientation of the structure. Remarkably, the double supramolec-
ular route even worked in low molecular weight complexes. This approach
could therefore also be interesting to generate sub-10 nm structures using di-
block copolymers that would otherwise be disordered in their neat, uncomplexed
state.
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BCP dL (T > Tm, nm) dL (nm) dS (nm) nSAXS nTEM nTEM,P4VP nTEM,PAPI

P4PA31k-47 18.9 17.5 4.4 4 4 2 2

P4PA57k-47 28.6 26.9 4.5 6 6 3 3

P4PA109k-48 42.5 36.8 4.4 8 8 4 4

P4PA189k-50 53.8 49.2 4.4 11 ∼ 11 5 to 6 5 to 6

P4PA272k-51 90.6 77.0 4.5 17 ∼ 17 8 9 to 10

Table 5.5: Overview of the characteristics of each P4PA(3-NDP)0.5 double parallel
lamellar-in-lamellar structure. ni is the number of internal structures (dS) and domain
spacings di were obtained from SAXS.

5.3.3 P4PA(3-NDP)0.5 complexes

At lower comb densities (x = 0.5) we indeed observed the by theory predicted
parallel orientation of the small lamellae with respect to the large structure
(Chapter 4). Unexpectedly though, each polymer phase in P4PA57k-47(3-
NDP)0.5 contained multiple internal layers. Our supramolecular and crystalliz-
able 3-NDP side chains could account for this difference, as the model assumed
a significantly less complex all-covalent, coil-based system. In order to further
study these multiblock-like structures and to understand the mechanism be-
hind their formation, four additional symmetric P4PA(3-NDP)0.5 double-comb
diblock copolymers were prepared.

Analysis by DSC revealed all complexes to be crystalline at room temperature,
although their thermograms are less defined compared to the stoichiometric
double-combs and therefore do not allow a detailed analysis (Figure 5.3b). All
P4PA(3-NDP)0.5 complexes start to melt around 35 ◦C.

When mixed with 3-NDP surfactants, TEM images of all five stained P4PA(3-
NDP)0.5 supramolecular complexes show parallel alignment of the small struc-
ture (Figures 5.11). Whereas the large length scale (BCP level) is indeed ex-
pected to increase with molecular weight, surprisingly though an increase of the
number of small, internal layers was observed as well. For instance, only two
dark P4VP lamellae can be observed in P4PA31k-47, whereas P4PA272k-51
displays an astonishing eight P4VP layers (Table 5.5).

According to room temperature SAXS patterns illustrated in Figure 5.12a, re-
gardless of the molecular weight, the small structure remains identical in all
five complexes, i.e. 4.4 to 4.5 nm (q ≈ 1.4 nm−1). Multiple scattering events
with integer-valued ratios between the first and higher ordered scattering max-
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Figure 5.11: TEM micrographs of P4PA(3-NDP)0.5 double-comb diblock copolymers.
P4VP appears dark due to staining with iodine. P4PA31k-47 (a), P4PA57k-47 (b),
P4PA109k-48 (c), P4PA189k-50 (d) and P4PA272k-51 (e).
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ima (q*, 2q*, 3q*, ..., nq*) confirm the presence of large lamellae, starting at
a spacing of 17.5 nm for P4PA31k-47(3-NDP)0.5 and going up to 77.0 nm for
P4PA272k-51(3-NDP)0.5 (Table 5.5).

Figure 5.12: SAXS intensity profiles of P4PA(3-NDP)0.5 double-combs recorded at
room temperature (a) and temperature-dependent SAXS profiles of P4PA109k-48(3-
NDP)0.5 recorded at different stages of its self-assembly (b).

Similar to the stoichiometric complexes, a large lamellar morphology implies
approximately equal distribution of 3-NDP over both P4VP and PAPI. The
diffraction patterns enable estimation of the number of layers inside the bright
PAPI phase (Figure 5.11 and Table 5.5).

Electron micrographs of unstained P4PA(3-NDP)0.5 sections presented in Fig-
ure 5.13 confirm the self-assembly of 3-NDP inside PAPI. For the low molecular
weight complexes (P4PA31k-47, P4PA57-47 and P4PA109k-48) the predictions
from SAXS are in excellent agreement with the local information provided by
TEM, while the number of layers that can be observed in P4PA189k-50 and
P4PA272k-51 fluctuate around these values. Although SAXS only provides av-
erage information, as a result of their higher molecular weights and broader
distributions, local defects as can be seen in Figures 5.13d and 5.13e are ex-
pected to appear more often in larger BCP lamellae.
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Figure 5.13: Bright field, unstained TEM images of P4PA(3-NDP)0.5 double-comb
diblock copolymers. P4PA31k-47 (a), P4PA57k-47 (b), P4PA109k-48 (c), P4PA189k-
50 (d) and P4PA272k-51 (e).
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Figure 5.14: Temperature-resolved SAXS intensity profiles of P4PA109k-48(3-
NDP)0.5 (heating scan, 10 ◦C·min−1)

Besides DSC, thermal properties of all x = 0.5 double-combs were also in-
vestigated by temperature-resolved SAXS. A heating scan of P4PA109k-48(3-
NDP)0.5 is displayed in Figure 5.14. As the large P4PA lamellar morphol-
ogy (dL = 36.8 nm) is a superposition of the parallel, internal small structure
(dS = 4.4 nm), this explains the enhanced peak intensity of the 8th order scat-
tering maximum (dL = 8dS) at room temperature. Upon melting around 35 ◦C
the small structure indeed disappeared and only a large lamellar block copoly-
mer structure continued to exist. At elevated temperatures the complex simply
followed phase behavior as observed before in PS-b-P4VP(3-PDP)x coil-comb
systems, with the alkylphenol only acting as plasticizer.124 Enhanced scattering
and an increase of the long period were observed around 100 ◦C (d = 47.6 nm).

Increased intensity of the 2nd order peak suggests an asymmetric distribution
of 3-NDP over both P4VP and PAPI phases. Instead of the integer multiples of
q* characteristic for lamellae, on further heating finally an additional peak ap-
peared at

√
7q*, indicating the formation of a cylindrical structure due to migra-

tion of more 3-NDP to the PAPI phase. Preference of 3-NDP for the acrylamide
block was observed before in a P4PA57k-47(3-NDP)0.3 complex (Chapter 4).
Most important phase transitions are highlighted in Figure 5.12b. Similar phase
behavior was observed in all other P4PA(3-NDP)0.5 complexes (Figure 5.15).
Only for the lowest molecular weight double-comb P4PA31k-47(3-NDP)0.5 a
disordered melt was found at higher temperatures (Figure 5.15a).
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Figure 5.15: Temperature-resolved SAXS intensity profiles of P4PA(3-NDP)0.5:
P4PA31k-47 (a), P4PA57k-47 (b), P4PA189k-50 (c) and P4PA272k-51 (d). Heating
scans were peformed at 10 ◦C·min−1 (P4PA31k-47, P4PA189k-50 and P4PA272k-51)
or 20 ◦C·min−1 (P4PA57k-47).

Since the small structure disappears upon melting of the complex, the ability
of 3-NDP’s aliphatic tails to crystallize seems to play a very important role.
Therefore, we are convinced that microphase separation of the side chains is
only beneficial upon crystallization, similar to PAPI(3-NDP) in the x = 1.0
complexes (Chapter 4). In the melt (55 ◦C), just after disappearance of the
small structure, the size of the large lamellae is reduced significantly compared
to the neat P4PA diblock copolymers, up to 42%. In this state, the 3-NDP
surfactants simply act as a nonselective solvent, giving rise to contraction of
the polymer chains202 with the long period dL scaling to Mn

0.67 (Figure 5.16).
Maybe fortuitously, this value equals the well-known 2/3 exponent character-
istic for the strong segregation regime. Upon crystallization of the side chains
the backbone largely maintains its “random-walk” nature which was present
for T > Tm, only leading to a slight reduction of dL due to increased den-
sity of the crystalline comb layers (Table 5.5). Because the size of the small
structure dS remains identical in all complexes (≈ 4.5 nm), dL just above the
crystallization temperature determines the number of small structures n per
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long period. As a result, n is found to scale to the molecular weight in the same
way, i.e. n = dL/dS ∝ Mn

0.67. This relationship therefore allows preparation
of multiblock-like structures with any desired number of internal layers 2n.

Figure 5.16: Molecular weights of P4PA in P4PA(3-NDP)0.5 double-combs plotted
against the large length scale dL at 55 ◦C (T > Tm) and number of small repeating
structures n (= dL/dS). Both parameters (dL and n) scale as Mn

0.67.

Although a multilayered structure requires the block copolymer to pass through
several crystalline amphiphilic layers (Scheme 5.3), in comparison to a single
layer morphology such an alignment is entropically highly favorable. Further-
more, observation of a 4.5 nm dS implies formation of comb layers contain-
ing two interdigitating amphiphiles pointing in opposite directions, similar to
x = 1.0 comb copolymers.137 We believe that the combination of these two fac-
tors, i.e. this preferential alignment and maximization of entropy, is responsible
for the self-assembly into multilayered parallel lamellae-in-lamellae with a fixed
small feature size.

5.4 Conclusions

Self-assembly of symmetric P4PA(3-NDP)x supramolecular double-comb di-
block copolymers resulted in several unique nanometer-sized hierarchical struc-
tures by altering the P4PA block copolymer molecular weight or the comb
density x. The combination of two relatively simple components, i.e. a diblock
copolymer and 3-NDP surfactants, allowed easy design of multiblock-like mor-
phologies, avoiding complicated synthesis routes. All morphologies were found
to be fully thermally reversible.
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Scheme 5.3: Schematic representation of the 16-layered structure as characterized in
the P4PA109k-48(3-NDP)0.5 double-comb diblock copolymer. n = dL/dS = 8. Green
(PAPI), red (P4VP).

For high comb densities (x = 1.0) double perpendicular lamellae-in-lamellae
were identified. Despite the low concentration of P4PA copolymer, sequen-
tial crystallization in these highly diluted P4PA(3-NDP)1.0 double-combs still
allowed such complexes to self-assemble at the block copolymer length scale,
even in the shortest diblock copolymer. Lowering the concentration of 3-NDP
to x = 0.5 gave a double parallel orientation, with the number of internal lay-
ers increasing with molecular weight. The established scaling behavior of the
number of layers with molecular weight provides direct control over the internal
structure and thus enables straightforward design of parallel morphologies with
any number of internal lamellae.

Besides very interesting from a fundamental point of view, supramolecular
double-comb diblock copolymers could also be a very powerful tool for gener-
ating both well-ordered small and large structures, because of the self-assembly
at the polymer/amphiphile level and the enhanced mobility in these plasticized
systems, respectively.



Chapter 6

Asymmetric Supramolecular
Double-Comb Diblock
Copolymers

Self-assembly of symmetric [poly(4-vinylpyridine)-block-poly(N -acryloylpiperidine)](3-
nonadecylphenol)x (P4PA(3-NDP)x) supramolecular double-comb diblock coplymers
was previously demonstrated to result in unique hierarchical morphologies. Instead of
starting from symmetric, lamella-forming copolymers, this chapter describes the com-
bination of 3-NDP surfactants and asymmetric P4PA diblock copolymers, i.e. sphere-,
cylinder- and inversed cylinder-forming diblocks. In general, for high comb densities
x, the complex’s tendency to crystallize and its preference to form a flat interface
dominated microphase separation. Lower values of x on the other hand gave uneven
distribution of 3-NDP, resulting in a higher glass transition temperature of the P4VP
block. Crystallization of 3-NDP’s aliphatic tails was therefore in most cases restricted
to the preferential PAPI microdomains, thereby maintaining the large length scale
block copolymer morphology that was already present in the melt. Such behavior is
identical to self-assembly of linear semicrystalline diblock copolymers, as in these type
of systems structure formation depends on the segregation strength and relative mag-
nitude of the order-disorder transition, Tg and Tc, leading to mechanisms like confined
crystallization or breakout.
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6.1 Introduction

A combination of supramolecular chemistry and self-assembling block copoly-
mers enables facile design of complex macromolecular architectures.203 Such
systems often lead to complex phase behavior in bulk,76 solution129 and thin
film,122 that in conventional, covalent block copolymers can usually only be
achieved by inclusion of three33,204 or more blocks.25,205 In addition, the pres-
ence of such noncovalent bonds can give rise to dynamic phase behavior, mean-
ing that the structure can be manipulated by external stimuli, like tempera-
ture.124

Most supramolecular block copolymer-based materials originate from a combi-
nation of regular, linear (block) copolymers and small surface active molecules,
resulting in a comb-shaped copolymer. Association between both components
can be via ionic interactions58,61,206 or hydrogen bonding,207 whereas suffi-
ciently strong repulsion of the surfactant’s tail from a relatively polar polymer
backbone forces the complex to self-assemble into a layered structure. Al-
though many different supramolecular comb-shaped copolymers have been re-
ported in literature, still one the most employed comb copolymers is based on
poly(4-vinylpyridine) (P4VP) and alkylphenol amphiphiles (Chapter 2). When
combined with polystyrene-containing diblock copolymers, simultaneous phase
separation of the PS-b-P4VP diblock and the P4VP(alkylphenol) comb block
causes spontaneous formation of hierarchical structures, i.e. structures within
another structure. Besides lamellae-in-lamellae,76 also other structures like
cylinders-in-lamellae and lamellae-in-spheres have been identified by adjusting
the composition of PS-b-P4VP, while keeping the comb density constant.78

Double-comb diblock copolymers have recently been realized by replacing the
PS block by another block capable of accepting hydrogen bonds, similar to
P4VP.88 Several different internal structures were observed in both copoly-
mer phases of these [poly(4-vinylpyridine)-block-poly(N -acryloylpiperidine)](3-
nonadecylphenol)x (x represents the ratio between 3-NDP amphiphile and
monomer) double-comb diblock copolymers by adjusting the side chain den-
sity (Chapter 4) or molecular weight (Chapter 5). These studies were, how-
ever, limited to symmetric P4VP-b-PAPI diblock copolymers, thereby only re-
sulting in lamellar-in-lamellar structures for relatively high grafting densities
(x = 0.5− 1.0).

Since asymmetric diblock copolymers were demonstrated to be readily syn-
thesized via reversible addition-fragmentation chain transfer (RAFT) polymer-
ization (Chapter 3), this chapter will deal with the combination of several of
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these sphere- and cylinder-forming diblocks and comb densities ranging from
x = 0.1 up to 1.0. Hypothetically rather interesting morphologies, e.g. double
lamellae-in-cylinders, could appear in such supramolecular complexes, similar
to PS-b-P4VP(4-NDP)1.0.78 As shown in the following, the results obtained are
not that straightforward, because additional effects need to be considered to
understand self-assembly of asymmetric double-comb (or bottlebrush) diblock
copolymers.

First of all, as discussed in the previous chapters, [P4VP-b-PAPI](3-NDP)x with
high grafting densities (x > 0.3) contain a crystallizable part (3-NDP), whereas
these surfactants plasticize the system above the melting temperature, resulting
in a severely reduced glass transition temperature. A crystallizable component
is indeed known to affect self-assembly of semicrystalline block copolymers sig-
nificantly, depending on the relative magnitude of the crystallization temper-
ature (Tc), order-disorder transition temperature (TODT) and glass transition
temperature of the amorphous block (Tg).199 Three different regimes should be
considered, Tc > TODT > Tg, TODT > Tg > Tc and TODT > Tc > Tg, generally
resulting in two different modes of crystallization. In breakout crystallization,
crystallization will overwhelm microphase separation on cooling (i.e. the melt
structure is destroyed), whereas in confined crystallization the microphase sep-
aration driving force is the stronger of the two, leading to crystallization within
the microdomains. Therefore the melt structure is maintained.199

If Tc > TODT > Tg, crystallization is the first process that will occur, even
before an ordered block copolymer structure is formed. Because of the rub-
bery matrix and the fact that crystallization takes place from a homogeneous
melt, the latter will be the dominating mechanism, i.e. breakout. Often a
lamellar morphology is observed within a spherulitic superstructure. Exam-
ples of such systems include poly(ε-caprolactone)-block-polybutadiene (PCL-
b-PB),208 polyethylene-block-poly(ethylene-alt-propylene) (PE-b-PEP)209 and
polystyrene-block-poly(vinylidene fluoride)-block-polystyrene (PS-b-PVDF-b-
PS).210

When TODT > Tg > Tc, initially a microphase separated structure is formed and
on further cooling crystallization will happen within a vitrified matrix. As a con-
sequence, the self-assembled block copolymer structure is maintained: confined
crystallization. Polytetrahydrofuran-block-poly(methyl methacrylate) (PTHF-
b-PMMA)211 and polystyrene-block-poly(ethylene oxide) (PS-b-PEO)212 follow
this principle.
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The most complex case of the three options is valid for TODT > Tc > Tg, because
the mode of crystallization depends on the segregation strength and/or cooling
rate. For weakly segregated blocks crystallization still overwrites the ordered
microdomains (breakout), such as in poly(ethylene oxide)-block-polyisoprene
(PEO-b-PI) diblock copolymers,213 whereas the ordered morphology is pre-
served in strongly segregated block copolymer melts. This last type was identi-
fied in for instance polyethylene-block-poly(3-methyl-1-butene) (PE-b-PMB)214

and polyethylene-block-poly(styrene-r-ethylene-r-butene) (PE-b-PSEB).200

A second crystallizable block even further complicates the observed phase be-
havior,215 although crystallization is generally the dominating effect. Phase
behavior of such diblock copolymers is often a result of competition between
the two crystallizable components and therefore largely depends on the process-
ing conditions, crystallization temperatures, molecular weights and segregation
strength.55,201,216 In addition, crystallization of the first block may affect crys-
tallization of the second block significantly, also depending on the difference
between both Tcs.

Scheme 6.1: Schematic representation of the [P4VP-b-PAPI](3-NDP)x supramolecu-
lar complex. For asymmetric double-combs m 6= n.

Since the side chain density x in [P4VP-b-PAPI](3-NDP)x (Scheme 6.1) deter-
mines the distribution and thus whether 3-NDP is able to crystallize only in a
single block or both (Chapter 4), certain complexes may have to be regarded
as semicrystalline diblock copolymers. Furthermore, for high grafting densi-
ties their macromolecular architecture closely resembles that of conventional,
covalent bottlebrush diblock copolymers.193 Because of the semirigid molecu-
lar structure formation of a curved interface is unfavorable. Densely packed
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bottlebrush copolymers therefore usually have the tendency to form lamellae,
even for highly asymmetric compositions.194 Cylindrical and spherical struc-
tures have been characterized for diblocks with sufficient asymmetry in the
side chain lengths, though.84,217 This effect may also have to be included for
being able to describe and understand the phase behavior of our asymmetric
supramolecular double-comb diblock copolymers.

6.2 Experimental section

6.2.1 Materials

Three asymmetric P4VP-b-PAPI diblock copolymers were synthesized by RAFT
polymerization according to the route described in Chapter 3, starting from
a P4VP macro-CTA: P4PA131k-22 (131 kg·mol−1, Mw/Mn = 1.34, fP4VP
= 0.22), P4PA78k-70 (78.2 kg·mol−1, Mw/Mn = 1.05, fP4VP = 0.70) and
P4PA63k-87 (62.9 kg·mol−1, Mw/Mn = 1.14, fP4VP = 0.87). In P4PAyk-z,
y represents the molecular weight in kg·mol−1 and z the weight fraction P4VP.
3-NDP was prepared by following the route discussed in Chapter 2. N,N -
dimethylformamide (DMF) was of analytical grade.

6.2.2 Sample preparation

Bulk films of the supramolecular complexes were prepared by casting 2 wt%
DMF-based solutions of the diblock copolymer together with the calculated
amount of surfactant into glass Petri dishes. Complete evaporation of the sol-
vent in a closed atmosphere was achieved in approximately 5 days (45 ◦C).
Films were thermally annealed at 130 ◦C for 1 h prior to analysis.

Ultrathin sections (80 nm) for transmission electron microscopy (TEM) were
obtained by microtoming in epoxy (Epofix, Electron Microscopy Sciences) em-
bedded pieces of the bulk films using a Leica Ultracut UCT ultramicrotome
equipped with a 35 ◦ DiATOME diamond knife. Enhanced contrast in the
complexes was realized by staining the sections with iodine for 10 to 45 min,
whereas the neat P4PA diblocks were stained for at least 2 h.

6.2.3 Characterization

Differential scanning calorimetry (DSC) was performed on a TA Instruments
DSC Q1000 by heating the complexes to 180 ◦C and cooling to −50 ◦C at a rate
of 10 ◦C·min−1. The second heating cycle was used for analysis.
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Small-angle X-ray scattering (SAXS) diffraction patterns were obtained at the
the Dutch-Belgian Beamline (DUBBLE) station BM26B of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France.160,161 The sample-to-
detector distance (Dectris Pilatus 1M) of the setup was ca. 4.0 m. The scatter-
ing vector q is defined as q = 4π/λ sin θ with 2θ being the scattering angle and
λ the wavelength of the X-rays (1.03 Å). For room temperature measurements
the acquisition time was 3 min per sample, while for temperature-resolved mea-
surements a 30 s frame time was applied.

Sections of both iodine-stained diblock copolymers and complexes were an-
alyzed on a Philips CM12 electron microscope operating at an accelerating
voltage of 120 kV. Images were recorded on a Gatan slow-scan CCD camera.

6.3 Results and discussion

For studying the self-assembly of asymmetric supramolecular double-comb di-
block copolymers three different P4VP-b-PAPI diblock copolymers of varying
molecular weight and composition were selected: P4PA131k-22, P4PA78k-70
and P4PA63k-87. Microphase separation of these diblocks in the bulk mate-
rial resulted in well-ordered P4VP cylinders in a PAPI matrix, PAPI cylinders
in a P4VP matrix and PAPI spheres in a P4VP matrix, respectively (Figure
6.1). Low scattering intensities allowed determination of the long periods of
the cylinder-forming copolymers only (Figure 6.2): P4PA131k-22 (d = 61 nm)
and P4PA78k-70 (d = 43 nm).

Figure 6.1: TEM micrographs of neat P4PA diblock copolymers. P4VP appears dark
due to staining with iodine. P4PA131k-22 (a), P4PA78k-70 (b) and P4PA63k-87 (c).

Double-combs with grafting densities ranging from x = 0.1 up to x = 1.0
were thoroughly investigated by DSC, TEM and temperature-resolved SAXS.
Each P4PA(3-NDP)x complex will be discussed separately with decreasing
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Figure 6.2: Room temperature SAXS profiles of neat P4PA diblock copolymers.

concentration of 3-NDP and starting with the double-comb with the lowest
P4VP content.

6.3.1 P4PA131k-22(3-NDP)x

In previous studies we observed double perpendicular lamellar-in-lamellar mor-
phologies in symmetric supramolecular P4PA(3-NDP)1.0 double-comb diblock
copolymers, so hypothetically the combination of cylinder-forming P4PA131k-
22 and a high concentration of 3-NDP could result in double lamellae-in-
cylinders, i.e. small lamellae within both the P4VP cylinders and the PAPI
matrix. However, the TEM image displayed in Figure 6.3a shows a rather un-
defined, worm-like structure. Small lamellae can be observed inside the stained
P4VP phase. Identical to all other previously investigated x = 1.0 complexes,
the at room temperature recorded SAXS profile (Figure 6.4a) only shows order-
ing at the small length scale, i.e. polymer/amphiphile level (dS = 3.9 nm). As
a function of temperature (Figure 6.5a) P4PA131k-22(3-NDP)1.0 also behaves
similar (Chapter 5): on melting of the PAPI(3-NDP) comb a large structure
appears shortly (highlighted in Figure 6.4b) and disappears on melting of the
P4VP(3-NDP) comb. An ordered, liquid crystalline lamellar structure lasts in
the latter phase up to the order-disorder transition temperature around 70 ◦C
(DSC, Figure 6.6).

On cooling from a disordered melt, first the liquid crystalline P4VP(3-NDP)
lamellae are formed, simultaneously causing the P4PA block copolymer to mi-
crophase separate. Further cooling allows 3-NDP to crystallize within P4VP,
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Figure 6.3: TEM images of P4PA131k-22(3-NDP)x supramolecular double-comb di-
block copolymers: x = 1.0 (a), x = 0.5 (b), x = 0.3 (c) and x = 0.1 (d). Small
structures in PAPI (bright phase) could not be resolved due to the applied staining
technique (iodine, 10 − 20 min).
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Figure 6.4: SAXS patterns of P4PA131k-22(3-NDP)x recorded at room tempature
(a) and high temperature (b). i is the first-order form factor scattering peak of the
spherical microdomain.

whereas the PAPI phase is simply swollen by “free” 3-NDP surfactant. Such a
transition gives rise to enhanced scattering of the large length scale, although
the limited number of diffraction maxima does not permit a detailed analysis
of the type of structure. The q* : 3q* ratio could indicate the presence of both
lamellae or cylinders with a spacing of 83 nm. Finally, crystallization of the
PAPI(3-NDP) comb disrupts the ordered structure completely, ending up with
the worm-like morphology as observed by TEM (Figure 6.3a). Such a rapid
change suggests a breakout-like mechanism, as the inner P4VP(3-NDP) phase
may still be rather easily deformed. In addition, this transition affords an en-
ergetically more favorable, less curved domain interface.

Lowering the concentration of 3-NDP to x = 0.5 still enabled P4PA131k-22(3-
NDP)0.5 to crystallize (Figure 6.6), while the weak diffraction maximum in
SAXS only implies short range order at the block copolymer length scale (Fig-
ure 6.4a, d = 46 nm). Interestingly though, a spherical morphology can be
clearly observed in TEM (Figure 6.3b), meaning that 3-NDP is not equally dis-
tributed over both phases. Previously 3-NDP was indeed found to favor PAPI
(Chapter 4) for x ≤ 0.5. Even though the broad peak around qS = 1.6 nm−1

suggests the presence of a small structure, no features can be recognized inside
the P4VP spheres. Together with the reduced size of the internal structure
(4.0 nm vs 4.5 nm for symmetric double-combs),74 this implies the majority of
3-NDP being located in the PAPI matrix.
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Figure 6.5: Temperature-resolved SAXS profiles of P4PA131k-22(3-NDP)x

supramolecular complexes: x = 1.0 (a), x = 0.5 (b), x = 0.3 (c) and x = 0.1 (d).
Data was recorded at 5 (x = 0.5 and 1.0) or 10 ◦C·min−1 (x = 0.1 and 0.3).

Except disappearance of the small structure, no considerable changes in the
large structure can be observed on heating of the complex (Figure 6.5b).
Stronger scattering does, however, enable a more detailed analysis. At higher
temperatures (100 − 200 ◦C) additional diffraction maxima appear with a
q* :

√
8/3q* ratio (Figure 6.4b), typical for face-centered cubic (FCC) spheres.98

The third, broad peak seen around q = 0.36 nm−1 (i) could be originating
from the form factor of the spherical microdomain,218 while the absent

√
4/3q*

maximum may have disappeared in the strong first-order maximum. Since FCC
spheres can usually only be found in a small region of the phase diagram (body-
centered cubic, BCC, is the dominant SPH phase),7 the FCC phase could be a
metastable phase in this supramolecular complex. As this spherical morphology
is preserved on cooling and since all phases are rubbery at room temperature,
stronger segregation in P4PA131k-22(3-NDP)0.5 apparently leads to confined
crystallization of the 3-NDP side chains inside the PAPI matrix, resulting in
only mild distortion of the structure.
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Figure 6.6: DSC thermograms of P4PA131k-22(3-NDP)x supramolecular double-
comb diblock copolymers.

At lower comb densities (i.e. x = 0.3) the complex is still crystalline at room
temperature (DSC, Figure 6.6) and 3-NDP still favors PAPI, as supported by
the presence of a spherical morphology (TEM in Figure 6.3c, SAXS in Figure
6.4a). Both techniques did not enable detection of a small structure, because
the concentration 3-NDP in the matrix is rather low. Temperature-resolved
SAXS profiles illustrated in Figure 6.5c show that the shape of self-assembled
morphology remains spherical on heating. Only its size was found to increase
slightly (37 nm → 40 nm) as a result of the decreased density of the matrix
on melting (Figure 6.4b). Furthermore, similar to the x = 0.5 complex, higher
order diffraction maxima became visible at higher temperatures, enabling es-
tablishment of the type of packing (FCC). In P4PA131k-22(3-NDP)0.3 crystal-
lization of 3-NDP is thus confined in PAPI.

Further dilution of this double-comb to x = 0.1 only allowed 3-NDP to plasticize
the PAPI matrix. A severely reduced glass transition originating from the
PAPI(3-NDP) block can indeed be observed in DSC (Figure 6.6, Tg ≈ 35 ◦C;
for comparison Tg,PAPI ≈ 132 ◦C). Although the glass transition of P4VP could
not be detected (its signal is too weak), based on previous experience (Chapter
4) we are convinced its position is unaffected in this complex. If 3-NDP is
indeed exclusively solubilized in PAPI, the weight fraction fPAPI(3−NDP) = 0.83
confirms the formation of P4VP spheres inside a PAPI matrix (Figures 6.3d
and 6.4a, d = 52 nm). Heating of the sample only led to enhanced scattering
and slight expansion of the FCC structure (Figures 6.4b and 6.5d).
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6.3.2 P4PA78k-70(3-NDP)x

Addition of stoichiometric quantities 3-NDP to this cylinder-forming block
copolymer caused P4PA78k-70(3-NDP)1.0 to behave thermally rather similar
as compared to the symmetric double-comb discussed in Chapter 4. It displays
two melting points at 46 ◦C and 55 ◦C, corresponding to each comb block, and
one order-disorder transition at 71 ◦C in P4VP(3-NDP) (Figure 6.7). Identical
to all other previously reported stoichiometric double-combs, its room tem-
perature SAXS profile only demonstrates an ordered structure at the comb
copolymer level (Figure 6.8a). TEM on the other hand proves this complex
to self-assemble at the P4PA level as well, although the lamellar-in-lamellar
ordering is rather limited (Figure 6.9a).

Figure 6.7: DSC thermograms of P4PA78k-70(3-NDP)x supramolecular double-comb
diblock copolymers.

As a function of temperature SAXS does display an ordered large structure at
Tm,PAPI(3−NDP) < T < Tm,P4VP(3−NDP), consistent with a crystalline-amorphous
phase (Figure 6.10a) as found before (Chapter 5). The long period measures 55
nm, whereas the ratio between the first and second order diffraction maximum,
i.e. q* : 2q*, could indicate both a cylindrical or lamellar phase (Figure 6.8b).
If P4VP would be fully occupied by 3-NDP, meaning 3-NDP would be equally
distributed, cylinders would expected to be the more stable structure. Crys-
tallization of PAPI(3-NDP) on cooling then explains the appearance of such a
worm-like, lamellar structure in TEM, as curvature of the block interface would
be minimized. Such a process, i.e. change of structure on crystallization, is a
typical example of breakout.
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Figure 6.8: SAXS patterns of P4PA78k-70(3-NDP)x recorded at room tempature (a)
and high temperature (b).

According to DSC P4PA78k-70(3-NDP)0.5 is a crystalline material at room
temperature. It shows two separate melting points and one TODT around 80 ◦C
(Figure 6.7). All thermal events can be clearly observed in temperature-resolved
SAXS (Figure 6.10b): upon melting of 3-NDP on the PAPI side a large struc-
ture starts to develop at 40 ◦C, the small structure (qS = 1.4 nm−1) shifts to
larger angles (qS = 1.5 nm−1) after having passed the second melting point and
finally disappears above the ODT. Scattering intensity of the large structure
increases on further heating, but its position remains unchanged (d = 37 nm).
Higher order reflections were found to be absent, suggesting only short-range
order in this complex.

Whereas the diblock copolymer is clearly microphase separated in the melt
(Figure 6.8b), on cooling to room temperature and in contrast to symmetric
double-combs (Chapter 5), the absence of any scattering peaks at smaller angles
would imply a disordered block copolymer (Figure 6.8a). Since crystallization,
and thus the formation of a small length scale, was found to be rather slow in
such highly plasticized x = 0.5 double combs, a breakout mechanism could ex-
plain this behavior, resulting in the melt structure being overwritten on cooling.
The TEM image presented in Figure 6.9b supports this interpretation, because
only the internal lamellar structure of P4VP (dS = 4.5 nm) can be observed.
Apparently P4PA78k-70(3-NDP)0.5 is simply too mobile at room temperature
in order to maintain its large length scale morphology.
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Figure 6.9: Electron micrographs of P4PA78k-70(3-NDP)x supramolecular double-
comb diblock copolymers: x = 1.0 (a), x = 0.5 (b), x = 0.3 (c) and x = 0.1 (d). The
applied staining technique (I2 vapor, 15 − 45 min) did not enable imaging of small
structures in PAPI (bright phase).
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Because 3-NDP showed preference for the PAPI block before, a lower concen-
tration of surfactant caused shifting of the morphology of the neat P4PA block
copolymer in P4PA78k-70(3-NDP)0.3. Both SAXS (Figure 6.8a) and TEM
(Figure 6.9c) demonstrated this double-comb to self-assemble into a lamel-
lar morphology with a periodicity of 39 nm. The shape of its thermogram
(DSC, Figure 6.7) is quite different compared to the symmetric P4PA57k-47
double-comb though (Chapter 4): instead of a single, broad melting point,
P4PA78k-70(3-NDP)0.3 shows one broad melting point (10 ◦C), an additional
melting point at higher temperature (31 ◦C) and one glass transition (60 ◦C).
Asymmetric distribution of 3-NDP is nicely reflected by this thermal behav-
ior: the first melting point is significantly reduced while the glass transition is
somewhat higher in comparison to a P4VP(3-NDP)0.3 homopolymer complex
(Tm = 17 ◦C, Tg = 55 ◦C). As a result, 3-NDP is much more densely packed in
PAPI, giving an increased melting point of the PAPI(3-NDP) comb.

Figure 6.10: Temperature-resolved SAXS profiles of P4PA78k-70(3-NDP)x

supramolecular complexes: x = 1.0 (a), x = 0.5 (b), x = 0.3 (c) and x = 0.1 (d).
Data was recorded at 20 (x = 0.1) or 10 ◦C·min−1 (x = 0.3− 1.0).
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These results in combination with the observation of a higher Tg in P4VP(3-
NDP)0.1 (Tg = 90 ◦C) allow estimation of the values a and b in P4VP(3-NDP)a-
b-PAPI(3-NDP)b: 0.1 < a < 0.3. If a ≈ 0.2, then b ≈ 0.6, sufficiently high for
formation of a small structure inside PAPI. However, such a feature is not visi-
ble in SAXS, but for intermediate values of x comb copolymers were previously
demonstrated to give parallel orientation of the internal lamellae (Chapters 4
and 5). That kind of alignment is only periodic within the PAPI domains,
and would therefore never give rise to Bragg diffraction, whereas limitations
of our electron microscope did not allow imaging of PAPI’s internal structure.
Because the structure formation (i.e. 3-NDP crystallization) inside PAPI takes
place within a glassy P4VP matrix, the P4PA78k-70(3-NDP)0.3 double-comb is
a typical example of confined crystallization in semicrystalline diblock copoly-
mers. Finally, as a function of temperature the large structure is unaffected: it
remains lamellar up to 200 ◦C, with almost identical spacing of the long period
(d = 38− 40 nm, Figures 6.8b and 6.10c).

For the lowest comb density in P4PA78k-70(3-NDP)0.1 3-NDP only slightly
plasticizes the P4VP microdomains (Tg = 122 ◦C; Tg,P4VP = 155 ◦C, Figure
6.7), similar to symmetric block copolymer-based complexes (Chapter 4). As
a result, the majority of the amphiphiles is dissolved in PAPI and is thus suf-
ficiently concentrated on this side in order to be able crystallize around room
temperature (Tm = 22 ◦C). With such a short PAPI block, b is approximately
0.4 in P4VP-b-PAPI(3-NDP)b and may therefore form a confined internal par-
allel lamellar morphology, as was also suggested for P4PA78k-70(3-NDP)0.3.
Although this structure cannot be observed in TEM because of the applied
staining technique (Figure 6.9d), large well-ordered lamellae do appear in this
complex due to enhanced mobility of both blocks. Incorporation of 3-NDP
almost exclusively in PAPI confirms such a structure to be most stable, as
fPAPI(3−NDP) = 0.47. On heating of this particular double-comb diblock copoly-
mer, which is actually more closely related to a comb-coil diblock copolymer
due to the highly asymmetric distribution of 3-NDP, change of the long period
was found to be rather limited (d = 42− 46 nm, Figures 6.8 and 6.10d).

6.3.3 P4PA63k-87(3-NDP)x

For the lowest molecular weight diblock copolymer, P4PA63k-87, the segre-
gation strength could start to play a crucial role, since χN ≈ 19 (Chapter
3), meaning that this copolymer is positioned in the weak segregation regime.
Addition of 3-NDP could lower this incompatibility even further, because the
presence of such surface active molecules usually reduces the interfacial tension
considerably.80



6.3 Results and discussion 147

Figure 6.11: DSC thermograms of P4PA63k-87(3-NDP)x supramolecular double-
comb diblock copolymers.

For the x = 1.0 double-comb, DSC shows homopolymer-like behavior (Chapter
2): besides the ODT of P4VP(3-NDP) around 68 ◦C, only a single melting point
(55 ◦C) can be detected on heating (Figure 6.11). Its room temperature SAXS
profile and TEM image (Figure 6.12a and 6.13a, respectively) indeed only dis-
play a small lamellar structure (dS = 3.9 nm), caused by polymer/amphiphile
self-assembly. These results might suggest that the complex is not phase sepa-
rated on the block copolymer level. Interestingly though, on passing through the
melting point (Figure 6.14a), according to SAXS the P4PA63k-87(3-NDP)1.0
double-comb is still able to form a large length scale structure. The long pe-
riod measures 42 nm, while one shoulder is insufficient for analysis of the type
of structure (Figure 6.12b). If the complex is phase separated at both length
scales at room temperature, the PAPI phase could be easily mixed up with the
small lamellae formed within P4VP in TEM, since the domain size would only
be around 5 nm (fP4VP · d = 0.13 · 42 nm). However, with the available data,
nothing can be concluded about its self-assembled morphology.

Similar to P4PA63k-87(3-NDP)1.0, P4PA63k-87(3-NDP)0.5 also only displays
a single, sharp melting point in DSC (46 ◦C, Figure 6.11). The order-disorder
transition of P4VP(3-NDP) increased to 80 ◦C, identical to the homopolymer-
based system P4VP(3-NDP)0.5 (Tm = 49 ◦C, TODT = 87 ◦C). Reduced chain
stretching caused an increase of the size of the internal lamellae (dS = 4.4 nm,
Figure 6.12a),74 whereas in contrast to the previous two asymmetric x = 0.5
double-combs, scattering was found to be absent at smaller angles. This implies
the complex not being phase separated at the block copolymer level. Such be-



148 Asymmetric Supramolecular Double-Comb Diblock Copolymers

Figure 6.12: SAXS profiles of P4PA63k-87(3-NDP)x recorded at room tempature (a)
and high temperature (b).

havior is confirmed by the TEM image presented in Figure 6.13b: it only shows
small lamellae; a distinct PAPI phase cannot be detected. Even in the melt
there is no indication of this double-comb being phase separated at the large
length scale (Figure 6.14b). Only slight contraction of the small lamellae is
visible on melting (dS = 4.2 nm), that finally vanishes completely when heated
above the ODT. Although a very faint shoulder appears briefly in SAXS around
Tm (Figure 6.14b), such a weak signal is unlikely to be caused by a highly or-
dered block copolymer structure. The PAPI block is simply too short for being
able to give sufficiently strong segregation.

At lower grafting densities, P4PA63k-87(3-NDP)0.3, only very broad peaks can
be observed in DSC (Figure 6.11) and SAXS (Figure 6.12a), almost the same
as a P4VP(3-NDP)0.3 supramolecular comb-shaped copolymer (Tm = 16 ◦C,
Tg = 57 ◦C). The only difference between these two is the presence of an ad-
ditional, but relatively sharp melting point around 29 ◦C (other Tm = 11 ◦C,
Tg = 58 ◦C). Such a transition could indicate the presence of a significant
amount 3-NDP inside the PAPI block. However, confirming the SAXS data,
only a fiber-like structure could be identified in this complex by TEM (Figure
6.13c). On heating of the system (Figure 6.14c) a correlation hole peak219 be-
came visible around q = 0.26 nm−1 at higher temperatures (Figure 6.12b), once
again demonstrating this double-comb lacking long-range order. Even though
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quite some 3-NDP is present in the PAPI phase, this block is simply too small
for being able to accommodate a majority of the surfactant molecules, leading
to an insufficiently strongly segregated melt.

Figure 6.13: TEM images of P4PA63k-87(3-NDP)x supramolecular double-comb di-
block copolymers: x = 1.0 (a), x = 0.5 (b), x = 0.3 (c) and x = 0.1 (d). Stained P4VP
domains appear dark (I2 vapor, 10 min).

In P4PA63k-87(3-NDP)0.1 the P4VP block is severely plasticized, as its glass
transition is reduced to 103 ◦C (Tg,P4VP = 155 ◦C), although this value is slightly
higher compared to P4VP(3-NDP)0.1 (Tg = 91 ◦C), implying uneven distribu-
tion of 3-NDP. Because of the high asymmetry of P4PA63k-87, crystallization
inside PAPI around room temperature (Tm = 22 ◦C, Figure 6.11) is already
possible for a modest preference for this block. As opposed to the other three
P4PA63k-87(3-NDP)x double-comb diblock copolymers, the x = 0.1 complex
does show an ordered, large structure at room temperature (Figure 6.12a). The
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relative positions of the two scattering maxima (i.e. q* : 2q*) could originate
from both a lamellar or cylindrical morphology, although the TEM image illus-
trated in Figure 6.13d clearly shows highly asymmetric lamellae (SAXS: d = 27
nm). Limited long-range order could account for the absence of higher order re-
flections, while the structure remains unchanged on heating (Figures 6.12b and
6.14d). Estimation of the distribution of 3-NDP was done using the formerly in-
troduced notation P4VP(3-NDP)a-b-PAPI(3-NDP)b: assuming that all 3-NDP
would be exclusively dissolved in the PAPI microdomains (i.e. a = 0), b was
calculated to be 1.0. However, such an assumption is undoubtedly incorrect,
providing both the plasticization of P4VP and reduced Tm of PAPI(3-NDP)
(Tm of PAPI(3-NDP)1.0 = 46 ◦C, Chapter 4). A value for b in the range of
0.3− 0.5 would be more realistic, since all symmetric x = 0.5 double-comb di-
block copolymers were previously found to melt at approximately 35 ◦C (Chap-
ter 5).

Figure 6.14: Temperature-resolved SAXS patterns of P4PA63k-87(3-NDP)x

supramolecular complexes: x = 1.0 (a), x = 0.5 (b), x = 0.3 (c) and x = 0.1 (d).
Data was recorded at 10 ◦C·min−1.
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Interestingly though and regardless of the composition, fPAPI(3−NDP) < 0.34
would suggest formation of a cylindrical or even spherical structure, because
the phase diagram for PS-b-P4VP(3-PDP) coil-comb diblock copolymers was
found to be identical to linear AB diblocks.77 Hierarchical lamellae-in-lamellae
were discovered for fcomb = 0.35− 0.63. This system is, however, considerably
less complicated than P4PA63k-87(3-NDP)0.1: 3-PDP crystallizes around room
temperature, above 100 ◦C a substantial amount of pyridine is non-hydrogen-
bonded, and thus most 3-PDP simply acts as selective solvent around the
glass transition of PS. Since hydrogen bonding in PAPI(3-NDP) is presum-
ably stronger88 than P4VP(3-NDP) and a large quantity of surfactant may
be present at both sides of the interface, upon vitrification of the P4VP block
the structure will be locked in a more preferential, less curved lamellar mor-
phology. Further cooling will lead to confined crystallization within the highly
asymmetric PAPI lamellae, possibly enabling the formation of a parallel in-
ternal structure that cannot or could not be observed with SAXS and TEM,
respectively.

6.4 Conclusions

Because of the semirigid architecture and their ability to crystallize, asymmetric
supramolecular P4PA(3-NDP)x double-comb diblock copolymers were found to
behave rather differently than initially expected. Unlike hierarchical structure
formation in the previously reported symmetric double-combs, in high comb
density complexes (x = 0.5− 1.0) crystallization of 3-NDP generally disrupted
the ordered structures that were present in the melt by following a breakout-like
mechanism, regardless of the P4PA copolymer composition. This observation
was also partially attributed to the complexes’ desire to form a flat interface,
analogue to all-covalent bottlebrush diblock copolymers. Lowering the surfac-
tant concentration to x = 0.1 − 0.3 often resulted in asymmetric distribution
of 3-NDP, thereby inducing dissimilar plasticization of each block. For most of
these double-comb series a small structure was formed within the preferential
PAPI block via confined crystallization, although limitations of our instrumen-
tation did not allow direct observation by TEM.

All modes of crystallization typical for self-assembling semicrystalline diblock
copolymers were identified in P4PA78k-70(3-NDP)x, i.e. breakout (x = 0.5 and
1.0) and confined crystallization (x = 0.1 and 0.3), whereas strong segregation
in P4PA131k-22(3-NDP)x even enabled confined crystallization in a rubbery
matrix. For the last diblock copolymer analyzed (P4PA63k-87) the segregation
strength χN was found to start to play an important role. Since 3-NDP can
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act as a compatibilizing agent as well, most complexes (x = 0.3− 1.0) were ob-
served to be disordered at the block copolymer level, thereby simply behaving
like homopolymer P4VP(3-NDP) complexes. By increasing the block copoly-
mer molecular weight, hierarchical structures could hypothetically be found
in sphere-forming P4PA-based double-combs, although highly ordered struc-
tures cannot be guaranteed, since breakout crystallization can still dominate
the phase behavior for high values of x.

A better solution for obtaining ordered hierarchical morphologies in asymmetric
supramolecular double-comb diblock copolymers might be the insertion of a
glassy, non-hydrogen bond accepting third block. By doing so, vitrification of
the middle block in such asymmetric comb-coil-comb triblock terpolymers could
lock the melt structure, before crystallization and self-assembly of the internal
structure could take place. A similar approach was successfully applied before
in PS-b-P4VP(4-NDP) coil-comb diblock copolymers, leading to structures like
lamellae-in-spheres and lamellae-in-cylinders.



Summary

Because of the general immiscibility of homopolymers and the connectivity
between chemically different chains, block copolymers spontaneously form or-
dered nanometer-sized structures. In diblock copolymer systems the variety
of structures is rather limited, since only the molecular weight and one block
fraction can be chosen freely as design parameters. Inclusion of additional build-
ing blocks (e.g. linear triblock terpolymers) usually gives rise to more complex
phase behavior and also enables design of more complex architectures, like star-
shaped and multiblock copolymers.

Preparation of such well-defined macromolecules is, however, a very challeng-
ing task, as usually multiple steps and inert reaction conditions are required.
Furthermore, successful synthesis does not automatically imply the material to
self-assemble into an ordered morphology. By combining simple diblock copoly-
mers and supramolecular chemistry, both complex synthesis routes and the re-
duced mobility of high molecular weight multiblock copolymers can be avoided.
Comb-shaped copolymers based on hydrogen bonded poly(4-vinylpyridine)
(P4VP) and alkylphenol surface active molecules, 3-pentadecylphenol (3-PDP)
and 4-nonadecylphenol (4-NDP) in particular, have been studied extensively
during the past decades. Proper balance between attractive and repulsive
forces caused such supramolecular complexes to form a layered glassy poly-
mer/crystalline amphiphilic structure at room temperature. A unique property
of this specific system is that on heating, before entering the disordered state,
melting of the alkylphenol side chains first results in a liquid crystalline lamel-
lar morphology. When extended from P4VP homopolymers to polystyrene-
containing (PS) diblock copolymers, often hierarchical structures (i.e. structures
within another structure) are obtained because of simultaneous microphase sep-
aration of the diblock copolymer and the comb copolymer.

The work described in this thesis is focused on further development of these
supramolecular block copolymer-based systems, with special attention given
to so-called double-comb diblock copolymers. Instead of combining P4VP ho-
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mopolymers or P4VP-b-PS diblock copolymers with alkylphenol surfactants,
P4VP-based diblock copolymers containing a second block capable of accept-
ing hydrogen bonds are used for the preparation of such comb-comb diblock
copolymers. Unusual phase behavior was expected to arise in this new class of
supramolecular materials.

Chapter 1 gives an overview of the most recent advances in block copoly-
mer science, providing several examples of both self-assembling covalent- and
supramolecular-based block copolymers. In addition, the most important char-
acterization techniques specific for studying bulk phase behavior are introduced,
including small-angle X-ray Scattering (SAXS) and transmission electron mi-
croscopy (TEM). Finally, the synthesis of block copolymers is addressed briefly.

Whereas both P4VP(3-PDP)1.0 and P4VP(4-NDP)1.0 were previously found to
self-assemble into layered structures, their thermal properties were found to be
rather different. The longer alkyl tail of 4-NDP indeed caused the complex
to melt at a higher temperature, but compared to 3-PDP the order-disorder
transition temperature (TODT) increased with almost 30 ◦C to 97 ◦C. Since
the synthesis route presented in Chapter 2 enables synthesis of any alkylphe-
nol possible, additional alkylphenol surfactants were prepared and complexed
to P4VP. By systematic variation of the tail length (from 13 up to 21 methy-
lene units) and the hydroxyl position (ortho, meta and para), several interest-
ing observations were made in the stoichiometric (i.e. x = 1.0) supramolecu-
lar P4VP(n-alkylphenol)x comb copolymers. As expected, both the melting
point and size of the lamellar structure increased with tail length. Surpris-
ingly though and independent of the tail length, TODT remained constant in
the meta- and para-substituted complexes, while microphase separation in the
ortho-substituted complexes was found to be crystallization driven. Since the
strength of hydrogen bonding is unaffected by the hydroxyl position, the differ-
ent phase behavior had to be caused by a purely steric effect. For this reason,
the highest order-disorder transition was discovered in the sterically least hin-
dered para complexes.

The hygroscopic nature of poly(N,N -dimethylacrylamide) (PDMA) in our first
[P4VP-b-PDMA](3-PDP)x supramolecular double-comb diblock copolymer
caused analysis of this complex to be rather challenging. For this reason, it
was replaced by another acrylamide-based block: poly(N -acryloylpiperidine)
(PAPI). Chapter 3 describes the synthesis and self-assembly of pristine P4VP-
b-PAPI diblock copolymers in detail. Several diblocks with varying molecu-
lar weight and composition were prepared by reversible addition-fragmentation
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chain transfer (RAFT) polymerization. Microphase separation of these copoly-
mers resulted in numerous of the classical morphologies, including spheres,
cylinders and lamellae. Furthermore, an approximation for the Flory-Huggins
interaction parameter was obtained via a random copolymer blend approach.
Its value (χ4VP,API ≈ 0.03) was found to be in excellent agreement with phase
behavior observed in symmetric, low molecular weight analogues.

A double perpendicular lamellar-in-lamellar morphology was observed in [P4VP-
b-PDMA](3-PDP)1.0 before, although according to previously developed theo-
retical models additional structures could be formed in double-comb diblock
copolymers by adjusting the molecular weight, composition or grafting density.
Enhanced self-assembly of a symmetric (fP4VP ≈ 0.5) [P4VP-b-PAPI](3-NDP)x
supramolecular double-comb diblock copolymer is demonstrated in Chapter 4.
Self-assembly of the high comb density complex (x = 1.0) led to a double
perpendicular lamellar-in-lamellar structure, whereas the predicted, more sta-
ble parallel orientation of the internal structure was observed in the x = 0.5
complex. Using the same symmetric P4VP-b-PAPI diblock copolymer, the
preference of 3-NDP for the acrylamide block became visible on further lower-
ing the concentration of 3-NDP to x = 0.3, leading to spontaneous formation
of cylinders-in-lamellae. Further dilution to x = 0.1 only allowed 3-NDP to
plasticize the copolymer, resulting in highly ordered large lamellae, but lacking
the presence of an internal structure. Thus, multiple unique hierarchical struc-
tures were discovered in [P4VP-b-PAPI](3-NDP)x supramolecular double-comb
diblock copolymers by using a single P4VP-b-PAPI copolymer and simply ad-
justing the side chain density.

Chapter 5 deals with a more detailed analysis of the two most interesting
double-comb structures: the double perpendicular (x = 1.0) and double parallel
(x = 0.5) alignment of the internal lamellae. For this study the comb density x
was kept constant, while the molecular weight of the symmetric, lamella-forming
diblock copolymer was varied. Temperature-resolved SAXS demonstrated that,
although all highly diluted x = 1.0 complexes formed a disordered melt at high
temperatures, sequential crystallization of 3-NDP in both comb blocks still
enabled formation of double perpendicular lamellae. Furthermore, the liquid
crystalline P4VP(3-NDP) block facilitated both thermal treatment and orien-
tation. The x = 0.5 complexes on the other hand showed an increase of the
number of internal layers with molecular weight. Formation of multiple small
lamellae instead of a single amphiphilic layer was thought to be entropically fa-
vorable, whereas the fixed small feature size was attributed to the preferential
interdigitated orientation of 3-NDP’s aliphatic tails. The observed scaling be-
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havior of the number of internal lamellae with molecular weight enables design
of multiblock-like structures with great precision.

The combination of 3-NDP and asymmetric cylinder- or sphere-forming P4VP-
b-PAPI diblock copolymers is presented in the last chapter (Chapter 6), as
hypothetically rather interesting morphologies could appear in such complexes.
However, their crystalline nature and the tendency of these bottlebrush-like
block copolymers to form a flat interface caused the high grafting density com-
plexes (x = 0.5 − 1.0) to form fairly undefined large length scale structures.
Lower comb densities (x = 0.1 − 0.3) resulted in most double-combs to be-
have like comb-coil diblock copolymers due to the amphiphiles being preferably
solubilized in the PAPI phase, thereby only allowing the formation of a small
structure within this acrylamide block. To conclude, the observed phase behav-
ior was found to be strongly related to self-assembly of semicrystalline block
copolymers: in general, high values of x resulted in a breakout crystallization
mechanism, while confined crystallization within a large, vitrified block copoly-
mer structure was observed for lower 3-NDP concentrations.



Samenvatting

Doordat homopolymeren over het algemeen niet mengbaar zijn en de chemisch
verschillende ketens in een blokcopolymeer covalent aan elkaar verbonden zijn,
vormen deze laatste spontaan geordende structuren op de nanometerschaal. In
diblokcopolymeersystemen is het aantal mogelijke structuren redelijk beperkt,
omdat alleen het molecuulgewicht en één blokfractie vrij kunnen worden gekozen
als ontwerpparameters. Het opnemen van meer blokken in het copolymeer
(bijvoorbeeld in lineaire triblok terpolymeren) leidt gewoonlijk tot complexer
fasegedrag, maar maakt het bovendien ook mogelijk om complexere architec-
turen te maken, zoals stervormige copolymeren en multiblokcopolymeren.

De bereiding van zulke goed gedefinieerde macromoleculen is echter een zeer
uitdagende opgave, omdat in de meeste gevallen meerdere reactiestappen
benodigd zijn of omdat het noodzakelijk is om onder inerte omstandigheden
te werken. Daarnaast betekent een succesvolle synthese niet automatisch dat
het materiaal in een geordende morfologie zelf-assembleert. Door eenvoudige
lineaire diblokcopolymeren met supramoleculaire chemie te combineren, kunnen
zowel de complexe syntheseroutes als de verlaagde mobiliteit van hoogmolecu-
laire multiblokcopolymeren worden vermeden. Kamvormige copolymeren
gebaseerd op waterstofbruggebonden poly(4-vinylpyridine) (P4VP) en alkyl-
fenol oppervlakte-actieve moleculen, voornamelijk 3-pentadecylfenol (3-PDP)
en 4-nonadecylfenol (4-NDP), zijn de laatste decennia uitgebreid bestudeerd.
Als gevolg van een juiste balans tussen aantrekkende en afstotende krachten in
dergelijke supramoleculaire complexen ontstond een gelaagde glasachtig poly-
meer/kristallijn amfifiel structuur bij kamertemperatuur. Een unieke eigen-
schap van dit specifieke systeem is dat bij verwarming, voor het overgaan naar
een homogene toestand, eerst een vloeibaar-kristallijne lamellaire structuur
wordt verkregen na het smelten van de alkylfenolstaarten. Wanneer dit sys-
teem wordt uitgebreid van P4VP homopolymeren naar polystyreen-bevattende
(PS) diblokcopolymeren, worden vaak hiërarchische structuren (d.w.z. struc-
turen binnen een andere structuur) verkregen door gelijktijdige microfaseschei-
ding van het diblokcopolymeer en het kampolymeer.
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Het werk dat wordt beschreven in dit proefschrift richt zich op een verdere
ontwikkeling van dergelijke supramoleculaire blokcopolymeer-gebaseerde syste-
men, met zogenaamde dubbele-kam diblokcopolymeren in het bijzonder. In
plaats van het combineren van P4VP homopolymeren of P4VP-b-PS diblok-
copolymeren met alkylfenol oppervlakte-actieve stoffen, werd nu een P4VP-
bevattend diblokcopolymeer gebruikt waarbij het tweede blok ook
waterstofbruggen kon accepteren. Hiermee konden zulke kam-kam diblok-
copolymeren worden bereid. Ongebruikelijk fasegedrag werd verwacht in deze
nieuwe klasse supramoleculaire materialen.

Hoofdstuk 1 geeft een overzicht van de recentste ontwikkelingen binnen het
blokcopolymeerveld, waarbij verschillende voorbeelden worden gegeven van zelf-
assemblage in zowel covalente als supramoleculaire blokcopolymeren. Verder
worden de belangrijkste karakterisatiemethodes gëıntroduceerd, waaronder
kleine-hoek Röntgenverstrooiing (SAXS) en transmissie elektronenmicroscopie
(TEM). Ten slotte wordt de synthese van blokcopolymeren kort behandeld.

Ondanks dat voorheen voor P4VP(3-PDP)1.0 en P4VP(4-NDP)1.0 was aange-
toond dat beide een gelaagde structuur vormden via zelf-assemblage, verschilde
hun thermisch gedrag aanzienlijk. De langere alkylstaart van 4-NDP veroor-
zaakte inderdaad een hoger smeltpunt van het complex, maar vergeleken met
3-PDP werd de orde-wanorde overgang (ODT) met bijna 30 ◦C verhoogd naar
97 ◦C. Doordat de syntheseroute, welke wordt beschreven in Hoofdstuk 2,
synthese van ieder denkbaar alkylfenol mogelijk maakt, zijn er additionele
alkylfenol amfifielen gemaakt en vervolgens gecomplexeerd aan P4VP. Door
systematische variatie van de staartlengte (van 13 tot en met 21 methyleeneen-
heden) en de positie van de hydroxylgroep (ortho, meta en para), werden er ver-
schillende interessante waarnemingen gedaan in de stoichiometrische (d.w.z. x =
1.0) supramoleculaire P4VP(n-alkylfenol)x kam copolymeren. Zoals verwacht,
ging zowel het smeltpunt als de grootte van de lamellaire structuur omhoog bij
verhoging van de staartlengte. Verassend genoeg en ongeacht de staartlengte,
bleef TODT constant in de meta- en para-gesubstitueerde complexen, terwijl
microfasescheiding in de ortho-gebaseerde complexen kristallisatiegestuurd bleek
te zijn. Aangezien de sterkte van de waterstofbruggen niet wordt bëınvloed door
de positie van de hydroxylgroep, moest het verschil in fasegedrag
worden veroorzaakt door een zuiver sterisch effect. Om deze reden werd de
hoogste orde-wanorde transitie in de sterisch minst gehinderde para complexen
gevonden.
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Het hygroscopisch karakter van poly(N,N -dimethylacrylamide) (PDMA) in ons
eerste [P4VP-b-PDMA](3-PDP)x supramoleculair dubbel-kam diblok-
copolymeer maakte analyse van dit complex behoorlijk lastig. Hierom werd dit
blok vervangen door een ander acrylamide: poly(N -acryloylpiperidine) (PAPI).
Hoofdstuk 3 beschrijft de synthese en zelf-assemblage van zuivere P4VP-b-
PAPI diblokcopolymeren in detail. Verscheidene diblokken met een variërend
molecuulgewicht en samenstelling werden gemaakt met behulp van reversibele
additie-fragmentatie ketenoverdracht (RAFT) polymerisatie. Microfasescheid-
ing van deze copolymeren resulteerde in de vorming van een aantal klassieke
morfologieën, waaronder bollen, cilinders en lamellen. Bovendien werd een be-
nadering voor de Flory-Huggins interactieparameter verkregen via een aanpak
gebaseerd op mengsels van random copolymeren. Zijn grootte (χ4VP,API ≈ 0.03)
bleek uitstekend overeen te komen met het fasegedrag van enkele symmetrische,
laagmoleculaire blokcopolymeren.

Ondanks dat voorheen een dubbele loodrechte lamellaire-in-lamellaire morfolo-
gie werd waargenomen in [P4VP-b-PDMA](3-PDP)1.0, bleek uit eerder
ontwikkelde theoretische modellen dat andere soorten structuren mogelijk
zouden moeten zijn door het molecuulgewicht, samenstelling of zijketendichtheid
aan te passen. Verbeterde zelf-assemblage van een symmetrisch (fP4VP ≈
0.5) [P4VP-b-PAPI](3-NDP)x supramoleculair dubbel-kam diblokcopolymeer
wordt getoond in Hoofdstuk 4. Zelf-assemblage van het complex met een
hoge kamdichtheid (x = 1.0) gaf een dubbele loodrechte lamellaire-in-lamellaire
structuur, terwijl de voorspelde stabielere parallelle oriëntatie werd gevonden
in het x = 0.5 complex. Gebruikmakend van hetzelfde symmetrische P4VP-
b-PAPI diblokcopolymeer werd de voorkeur van 3-NDP voor het acrylamide
blok zichtbaar bij verdere verlaging van de concentratie 3-NDP naar x = 0.3,
resulterend in de spontane vorming van cilinders-in-lamellen. Verdere verdun-
ning naar x = 0.1 maakte het voor 3-NDP alleen nog mogelijk om als week-
maker op te treden, waarbij een interne structuur afwezig bleef. Zodoende
werden verschillende, unieke hiërarchische structuren gevonden in [P4VP-b-
PAPI](3-NDP)x supramoleculaire dubbele-kam diblokcopolymeren door slechts
één P4VP-b-PAPI copolymeer te gebruiken en simpelweg de dichtheid van de
zijketens te veranderen.

In Hoofdstuk 5 wordt een gedetailleerdere analyse van de twee interessantste
dubbele-kam structuren gepresenteerd: de dubbele loodrechte (x = 1.0) en
dubbele parallelle (x = 0.5) oriëntatie van de interne lamellen. Voor deze studie
werd juist de kamdichtheid x constant gehouden, terwijl het molecuulgewicht
van de symmetrische, lammelvormende diblokcopolymeren werd gevarieerd.
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Temperatuurgestuurde SAXS liet zien dat, ondanks dat de zeer verdunde x =
1.0 complexen een homogene smelt vormden bij hoge temperaturen, opeenvol-
gende kristallisatie van 3-NDP in beide kamblokken de vorming van dubbele
loodrechte lamellen mogelijk maakte. Bovendien vergemakkelijkt het vloeibaar
kristallijne P4VP(3-NDP) blok thermische behandeling en oriëntatie. Aan de
andere kant lieten de x = 0.5 complexen een toename van het aantal interne
lagen zien bij verhoging van het molecuulgewicht. De vorming van meerdere
kleine lamellen in plaats van een enkele amfifiele laag werd als
entropisch gunstiger beschouwd, terwijl de vaste grootte van de kleine structuur
werd toegeschreven aan de voorkeur van 3-NDP’s staarten om zich in een in
elkaar grijpende oriëntatie te pakken. Het waargenomen schalingsgedrag van
het aantal interne lamellen met molecuulgewicht maakt nauwkeurig ontwerp
van dergelijke multiblokachtige structuren mogelijk.

De combinatie van 3-NDP en asymmetrische cilinder- en bolvormende P4VP-
b-PAPI diblokcopolymeren wordt besproken in het laatste hoofdstuk (Hoofd-
stuk 6), omdat in zulke complexen behoorlijk interessante structuren zouden
kunnen ontstaan. Echter, hun kristallijne karakter en de voorkeur van deze
flessenborstelachtige blokcopolymeren voor een vlak grensvlak, zorgden ervoor
dat bij hoge kamdichtheden (x = 0.5 − 1.0) behoorlijk ongedefinieerde grote
lengteschaalstructuren werden gevormd. Lagere kamdichtheden (x = 0.1− 0.3)
resulteerde voor de meeste dubbele-kam copolymeren in kam-kluwen copoly-
meerachtig gedrag, doordat de amfifielen zich voornamelijk in de PAPI fase
bevonden, waardoor alleen binnen dit acrylamide blok een kleine structuur
kon worden gevormd. Het waargenomen fasegedrag bleek dus sterk gerelateerd
te zijn aan zelf-assemblage van semikristallijne blokcopolymeren: doorgaans
resulteerde fasescheiding voor hoge waarden van x in een uitbraak kristallisatie-
mechanisme, terwijl begrensde kristallisatie binnen een grote, glazige blok-
copolymeerstructuur werd waargenomen bij lagere 3-NDP concentraties.
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