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General Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

In this introductory Chapter, the fundamentals upon which this thesis relies are 
briefly reviewed. Block copolymer self-assembly is addressed and subsequently 
extended to the self-assembly of triblock copolymers and supramolecular 
complexes.
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1.1. Block copolymer self-assembly 

1.1.1. Thermodynamics 
 
Water and oil do not mix. Instead, they form a two-layer system, where the liquid 
with the lower density (in this case oil) floats on top of the other liquid. The same 
in general holds for mixtures of chemically different polymers. This phenomenon 
is called macrophase separation. 

Now we consider so-called block copolymers. These are polymers consisting of 
two or more chemically different, covalently bonded polymers. In this case, the 
polymers cannot – as do water and oil – macrophase separate, because they are part 
of the same (macro)molecule. Still, the fact remains that the two chemically 
different polymer blocks have the tendency to demix. As a result, a so-called 
microphase separation occurs, where the chains are stretched away from the 
interface that is formed, to make the interfacial area (and thus the amount of 
unfavorable interactions) as small as possible (Figure 1). Of course, this stretching 
is opposed by thermal motion and periodic structures with characteristic length 
scales of ten to hundreds of nanometers are formed. 

 
Figure 1.1. In a block copolymer, the different blocks (red and blue) stretch away from 

their linkage point that is located in the interface. 
 
To understand the microphase separation of block copolymers, we first have a look 
at the thermodynamics of polymer mixtures. The Gibbs free energy of mixing of 
such a system is conveniently described by the simple Flory-Huggins expression: 
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BAABm nkTH ϕϕχ=∆        (1-3) 

 
Here χAB is the so-called Flory-Huggins interaction parameter, which describes the 
interactions between the different monomer moieties A and B. The total number of 
segments in the mixture is denoted by n. Originating from the lattice model used, 
the interaction parameter is defined as 
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where z is the number of nearest neighbor monomers and 

2/)( BBAAAB εεεε +−=∆  is the energy difference between the different contacts 
(A-B, A-A and B-B). NA resp. NB are the chain lengths of the respective polymers, 
expressed in segments - usually chosen in such a way that each segment occupies a 
volume of molcm /100 3 . Hence, 
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which is referred to as the Flory-Huggins expression for free energy of mixing. The 
Flory-Huggins interaction parameter χAB has the tendency to be positive,1 which is 
unfavorable for mixing. The actual value can be determined experimentally in 
various ways, as will be discussed to some extent in Chapter 3. Since in the case of 
polymers normally high values of NA and NB are used, the entropy of mixing is 
strongly reduced compared to low molecular weight species. In practice, this 
means that mixing only occurs when 0≤∆ mH . According to eq. 1-3, this implies 

that a non-positive value of the interaction parameter is required. In the case of 
homopolymers, this will be valid only for specific interactions between the 
different monomers, such as hydrogen bonding or π-electron interactions. The 
latter is the case for example for polystyrene and poly(2,6-dimethyl-1,4-
phenyleneoxide) (PPO), a very well known commercial blend. PPO is used to 
improve the mechanical properties of polystyrene, because PPO has a much lower 
molecular weight between entanglements. 

In the simple Flory-Huggins approach, the interaction parameter is inversely 
proportional to the temperature. This implies for example, that upon heating 
mixing will be promoted, as is frequently (but not always) observed. In analogy, in 
the case of microphase separated block copolymers, the system may on heating 
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undergo a so-called order-disorder transition (ODT) from an ordered to a mixed or 
disordered state. 
 

1.1.2. Diblock copolymers 
 
1.1.2.1. Theory 
 
Microphase separation in diblock copolymer melts is driven by the competition 
between segregation (a consequence of the generally unfavorable contacts between 
different monomer units) and the minimization of chain stretching (or: 
maximization of conformational entropy). Using different theories, block 
copolymer phase separation has been theoretically described both in the weak 
segregation limit (WSL, 10≅Nχ , near the critical point)2 as well as in the strong 
segregation limit (SSL, for which 10>>Nχ ).3,4 Matsen and Bates calculated the 
phase diagram for diblock copolymers in between the weak and strong segregation 
regimes, resolving the phase diagram completely.5-7 The temperature dependence is 
implied in the value of χN (N denotes the total chain length of the diblock 
copolymer); disordered states are found at high temperatures (Figure 1.2a), i.e. 
small values of χN. In practice, the phase diagram is usually not fully symmetric 
due to a difference in flexibility between the different polymer blocks involved, as 
was shown for a polystyrene-b-polyisoprene diblock copolymer (Figure 1.2b).8,9 

 
 
 

 

 

 

 

 

Figure 1.2. Theoretical (a) and experimental 
(b) phase diagram for diblock copolymers. 
The experimental phase diagram was found 
for polystyrene-b-polyisoprene. Reproduced 
with permission from: Matsen, M.W. J. 

Phys.: Condens. Matter 2002, 14, R21–R47. 
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The phases that were found in both the theory, as well as experimentally are body-
centered cubic spheres in a matrix (S), hexagonally ordered cylinders in a matrix 
(C), the bicontinuous gyroid (G) and the lamellar (L) phase. These are 
schematically depicted in Figure 1.3. 
 

 
Figure 1.3. Schematical representation of diblock copolymer morphologies with increasing 

fraction of the red block. 
 
1.1.2.2. Bicontinuous phases 
 
There are a number of bicontinuous self-assembled morphologies. While the 

gyroid (with dIa3  symmetry) is the one most frequently observed, it appears that it 
is not the only bicontinuous equilibrium structure. The first structural analysis of 
the gyroid structure (G) was given by Hajduk et al.10 The minority component 
forms two interpenetrating threefold coordinated networks in a matrix of the 
majority component. 
Another bicontinuous morphology, the double-diamond (DD) structure, has been 
considered to be another equilibrium state for a number of polymers,11,12 but it is 
now generally considered that these structures will either transform into the G 
phase upon annealing, or the TEM and SAXS evidences were misinterpreted.13 

Recently, Tyler et al. were the first to calculate the orthorhombic Fddd or O70 
structure as an equilibrium state for diblock copolymers,14 while it was already 
found experimentally.15 They extended the self-consistent-field theory (SCFT), 
which was originally used to calculate novel morphologies of triblock copolymers, 
to the diblock copolymer phase diagram and found that the O70 structure is stable 
within the window where the gyroid phase was assumed to be stable (Figure 1.4.). 
Very recently, Takenaka et al.

16 reported that both the OOT of the lamellar-Fddd 
transition as well as the OOT of the gyroid-Fddd transition is thermo reversible. 
This finding, combined with the observation that after two days of annealing, the 
structure is still present, corroborates the conclusion that the Fddd self-assembled 
state is actually an equilibrium phase. 
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Figure 1.4. Recent calculations have shown 
that the O

70 self-assembly is an equilibrium 
structure for diblock copolymers. Reproduced 
with permission from Tyler, C.A.; Qin, J.; 
Bates, F.S., Morse, D.C. Macromolecules 
2007, 40, 4654-4668. 
 
 
 
 
 
 

Yet another self-assembled state that is often encountered is the hexagonally-
perforated lamellae (HPL) morphology. It is not trivial to determine whether it is 
actually an equilibrium state or just a kinetically frozen state. It is now generally 
considered that the HPL phase is a metastable, weakly segregated state. After 
annealing, the HPL assembly usually transforms into one of the classical structures 
C, G or L.17 

 
1.1.2.3. Molecular weight dependence 

 
Of great importance with respect to the synthesis of block copolymers is the 

molecular weight of the polymer. As can be seen from Figure 1.2, below a certain 
value of Nχ , the polymer will be in a disordered state. Leibler calculated that this 
value is 10.495 for a symmetrical diblock copolymer,2 whereas experimentally it 
may actually be considerably larger (Figure 1.2b). The Leibler approach is a typical 
mean-field approach in which fluctuation corrections are omitted. Fredrickson and 
Helfand18 incorporated these and found that the transition should occur at a value 
of Nχ  given by 
 

3/1022.41495.10)( −+= NN tχ       (1-6) 

 
So while for infinite molecular weights the value of about 10.5 will hold, for 
typical molecular weights of synthesized polymers it may be considerably larger. 
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Still, once the interaction parameter is known, one has a good estimation of the 
molecular weights needed to obtain a given segregated state. 
 
One may find kinetically frozen states when the film casting solvent preferentially 
dissolves one of the blocks. In this case, upon evaporation, the preferentially 
dissolved block will remain in solution longer than the other block, thus affecting 
the final morphology. Upon heating such a film above the glass transition 
temperature(s), the equilibrium self-assembled stated may be found. Therefore, for 
the casting of a block copolymer film, one has to take care in the selection of the 
solvent. Furthermore, it is always recommended to perform thermal annealing after 
the film casting (and solvent annealing) process to remove the solvent influence on 
the morphology. Of course, the (usually) high molecular weights of (multi)block 
copolymers make thermal annealing very slow, which is why a combination of 
solvent and thermal annealing is usually applied. 

Besides the molecular weight and composition, the chain topology may also 
greatly affect the self-assembly. For example, graft copolymers show different 
morphologies than linear ones. In this thesis, mostly linear triblock copolymers 
with supramolecularly “grafted” (low molecular weight) side chains will be 
discussed. 

At present, a lot of morphologies have been experimentally determined, the most 
widely applied analytical techniques being Small-Angle X-Ray Scattering (SAXS), 
or Small-Angle Neutron Scattering (SANS) and Transmission Electron Microscopy 
(TEM). These techniques and specifically their applications to the field of block 
copolymer self-assembly will be discussed in Chapter 2. 

 

1.1.3. Linear ABC triblock copolymers 
 
The situation becomes increasingly more complex when more than two blocks are 
involved. For ABC triblock copolymers the number of parameters that may be 
varied is much greater. First of all, the values of three different interaction 
parameters, ABχ , ACχ  and BCχ , are required to describe the different interactions 

within the block copolymer. Furthermore, there are three block fractions, Af , Bf  

and Cf , two of which may be chosen independently. Also the block sequence 

strongly influences the morphology. 
A very large number of morphologies is possible as was shown both theoretically19 
and experimentally already more than ten years ago. Bates and Fredrickson pointed 
out the numerous possibilities and gave a quantitative discussion of some possible 
morphologies.20 As suggested by Bailey,21 to shed some light on triblock 
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copolymer self-assembly, we should distinguish triblock copolymers according to 
the relative magnitude of the interaction parameters involved. More specifically, it 
is convenient to divide triblock copolymers into three groups with different types 
of frustration. To do this, the relative magnitude of ACχ  is compared to that of 

ABχ  and BCχ . Since the A and C blocks are not directly covalently attached to 

each other, A/C interfaces are only formed when this is energetically favorable. 
The rest of this thesis will follow the terminology as introduced by Bailey and 
discussed below. 
 
 
1.1.3.1. Linear ABC Triblock copolymers with no frustration 

 
When the A/C interface is the most energetically unfavorable interface, or ACχ  is 

the largest interaction parameter, the triblock copolymer will show no frustration. 
The natural tendency for the A and C units to avoid each other is nicely supported 
by the order in which they are found inside the covalently linked ABC chain. This 
class was called the F0 system. No A/C interfaces are formed in these systems and 
not surprisingly, the triblock copolymer analogues of diblock morphologies are 
encountered such as triple lamellae, alternating spheres and alternating cylinders.12 
Such self-assemblies were found by Matsushita et al. for poly(isoprene-b-styrene-
b-2-vinylpyridine) or ISP triblock copolymers.22 The ordered tricontinuous double-
diamond or OTDD self-assembled state was also suggested as a possibility for ISP 
triblock copolymers,23 but Matsen showed projections of the gyroid self-assembly 
pointing out that this was actually the observed morphology.24 

 
Within this class of non-frustrated systems a subgroup for which ABχ « BCχ  

holds is present. In this particular case, the B/C interface will be minimized at the 
cost of creating more A/B contacts. In this way, core-shell type morphologies will 
result such as core-shell cylinders,25,26 core-shell spheres and core-shell gyroid.27,28 
These were found by Bates et al. for poly(isoprene-b-styrene-b-ethylene oxide) or 
ISO block copolymers.29 

For the same ISO block copolymers they also found three different ordered 
network structures (Figure 1.5).30,31 Two of these morphologies, Q230 (which is the 
core-shell double gyroid morphology) and Q214 (alternating gyroid) have a cubic 
ordering, while the third one is the triblock copolymer analogue of the O

70 
orthorhombic self-assembly which was already discussed for diblock copolymers. 
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Figure 1.5. Three different tricontinuous ordered structures were found for polyisoprene-b-

polystyrene-b-polyethyleneoxide (ISO) linear triblock copolymers. Reproduced with 
permission from: Epps, T.H.; Cochran, E.W.; Bailey, T.S.; Waletzko, R.S..; Hardy, C.M.; 

Bates, F.S.; Macromolecules 2004, 37, 8325. 
 
1.1.3.2. Linear ABC triblock copolymers with type I frustration 
 
Systems for which 

BCACAB χχχ <<  holds, i.e. when the interaction between the 

end blocks is of intermediate strength, are denoted F1 triblock copolymers. They 
may show some form of frustration to minimize the B/C interface. Examples 
include: poly(styrene-b-isoprene-b-vinylpyridine) as studied by Matsushita et al.

32 
and poly(styrene-b-butadiene-b-vinylpyridine) by Abetz et al.33 A wide variety of 
self-assemblies have been found, including perforated lamellae, core-shell 
cylinders, core-shell gyroid and alternating spheres. This is basically a selection of 
morphologies found for both unfrustrated as well as type II frustrated systems. 
 
1.1.3.3. Linear ABC triblock copolymers with type II frustration 

 
When ACχ  is smaller than both ABχ  and BCχ , the ABC triblock copolymer 

systems show even more pronounced frustration, because AC contacts will now 
form at the cost of the more unfavorable A/B and B/C surfaces. By definition of 
Bailey, these systems are named F2 (or type II) frustrated systems. Such triblock 
copolymers have been extensively investigated by Stadler et al. including 
poly(styrene-b-butadiene-b-methyl methacrylate),34.35 their hydrogenated 
analogues, poly(styrene-b-ethylene-co-butylene-b-methyl methacrylate)36-41 and 
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poly(styrene-b-butadiene-b-caprolactone) linear triblock copolymers.42 A number 
of very interesting morphologies have been found such as cylinders-between-
lamellae, rings or helices around cylinders, cylinders in lamellae and spheres on 
spheres (Figure 1.6). 

 
Figure 1.6. Schematic representations of observed morphologies for 

poly(styrene-b-butadiene-b-methyl methacrylate) linear triblock copolymers. 
 
At present, self-consistent field theories on model linear frustrated ABC triblock 
copolymers have already shown much more possible morphologies, such as gyroid 
with spheres at the interface, gyroid with spheres inside a domain as well as the 
experimentally observed knitting pattern.43,44 

 
1.1.3.2. Triblock copolymer systems with more complex topologies 
 
The block copolymers discussed so far all have a linear topology. In addition, a lot 
of information is already available for block copolymers with other topologies. 
Notably, star-type ABC triblock copolymers, in which the three arms are joined at 
one point, show very complex morphologies characterized by so-called 
Archimedian tiling patterns (Figure 1.7). Many different patterns were found,45-47 
not only for the pure triblock copolymers, but also for their blends with different 
homopolymers and diblock copolymers.48 
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Figure 1.7. Archimedian tiling patterns found for ABC star triblock copolymers with 

different arm lengths; TEM images (top) and schematic representations (bottom). 
Reproduced with permission from Hayashida, K.; Takano, A.; Arai, S.; Shinohara, Y.; 

Amemiya, Y.; Matsushita, Y. Macromolecules 2006, 39, 9402-9408 
 
Besides star-type topologies, there are various other topologies that have already 
attracted interest such as block copolymers containing dendritic blocks47 or graft-
type topologies, as will be discussed in the next section. 
Furthermore, it must be noted that several novel morphologies have been found for 
blends of triblock copolymers with homopolymers or diblock copolymers. Such 
blends may even be made from different blocks (for example, A-B blended with B-
C), if favorable interactions are introduced such as hydrogen bonding.50,51 The 
study of such block copolymer blends is, however, out of the scope of this thesis 
and will as such not be discussed further. 
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1.2.Supramolecular block copolymer complexes 
 
In close cooperation with the group of prof. Ikkala from the Helsinki University of 
Technology, our group has devised a supramolecular approach to create materials 
which show ordering on different length scales. This is called hierarchical structure 
formation.52,53 

The research started with exploring the interactions between homopolymers of 
4-vinylpyridine (4VP) and 3-pentadecylphenol (PDP)54 as depicted in Figure 1.5. It 
was shown that smectic complexes are formed due to hydrogen bonding between 
the polymer and PDP. 

These supramolecular complexes have a lamellar structure with a periodicity 
varying from 3 to 5 nm, depending on both the amount of amphiphile as well as the 
temperature. Upon crystallization of the low molecular side chains, the lamellar 
structure collapses, reducing the period significantly.55 

 

N

OH

[ ]

hydrogen bond

 
Figure 1.8. Schematical representation of the supramolecular complex between P4VP and 

PDP. 
 
Subsequently, the attention shifted towards block copolymer complexes with PDP. 
The system which was most extensively investigated consisted of polystyrene-
block-poly(4-vinylpyridine) with hydrogen bonded pentadecylphenol: PS-b-
P4VP(PDP)x, where x denotes the molar amount of PDP with respect to 4VP repeat 
units. These supramolecules are basically comb-coil block copolymers as shown 
schematically in Figure 1.9. 
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Figure 1.9. PS-b-P4VP(PDP) depicted as a comb-coil block copolymer. 

 
The complete phase diagram has been thoroughly investigated and using TEM for 
imaging, the structures were proven directly.56 

It turns out that these comb-coil supramolecules show self-assembled structures 
with ordening on two different length scales: a) the block copolymer phase 
separates into a PS and a P4VP(PDP) phase, the nature of which can be easily 
understood on the basis of the block weight fractions and b) within the P4VP(PDP) 
block, the P4VP chains and the polar ‘head’of PDP locally phase separate from the 
alkyl chains in PDP. In the case of a lamellar-within-lamellar morphology, it was 
shown directly using TEM that the P4VP-PDP lamellae are oriented perpendicular 
to the block copolymer lamellae.57  
 

100 nm
 

Figure 1.10. Bright-field TEM micrograph showing the  
perpendicular orientation of the P4VP/PDP lamellae  

relative to the block copolymer lamellae. 
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Furthermore, a multitude of hierarchical self-assemblies was found, such as 
spheres-in-lamellae, lamellae-in-spheres, cylinders-in-lamellae and even lamellae-
in-hexagonally perforated lamellae.58 The method allows easy tailoring of the 
morphology by simply choosing a block copolymer with convenient fractions and 
varying the amount of complexed amphiphile. 

Using FTIR, the hydrogen bonding properties of the supramolecules were 
investigated and the conclusion was drawn that at higher temperatures, the 
hydrogen bonds are gradually broken and the PDP amphiphiles eventually even 
become soluble in the PS phase, thus acting as a plasticizer. 

The responsivity of these materials to external stimuli such as temperature make 
them excellent candidates for nanotechnology applications. In this respect it is also 
relevant to mention the use of UV-responsive low molecular weight side chains 
instead of PDP, as recently published by our group.59 By incorporation of such 
molecules, yet another external stimulus is available to reversibly change the self-
assembly characteristics. 

A specific advantage of the use of these hydrogen bonded complexes is the 
possibility to simply wash away the amphiphiles with a polar solvent, thus ending 
up with nanoporous phases. Of course, the solvent used to remove the side chains 
should be a nonsolvent for the diblock copolymer since otherwise the self-
assembled structure will be destroyed as well. For example, a PS-b-P4VP(PDP)1,0 
sample, which self-assembled into P4VP(PDP) cylinders in a polystyrene matrix 
(comb fraction was about 0.25), was washed with methanol (Figure 1.11). By 
measuring the absolute SAXS intensity curves, before and after treatment with 
methanol, the formation of hollow cylinders was demonstrated by the orders of 
magnitude increase in scattering.60 Such systems, therefore, are excellent 
candidates for creating nanoporous membranes. 
 

 
Figure 1.11. Schematic drawing of the formation of hollow 
 cylinders derived from PS-b-P4VP(PDP) supramolecules. 
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1.3. Aim and outline of this thesis 
 
The goal of this thesis is to extend the supramolecular approach discussed above to 
a variety of new, more complex systems. 

First, in Chapter 2, the most important experimental methods of synthesis and 
morphological analysis of the systems used are briefly reviewed. 

To understand the novel self-assembled morphologies that will be introduced 
further on, first the experimental determination of the values of the interaction 
parameters involved will be presented in Chapter 3. They have been determined 
using random copolymer blend miscibility studies. 

As a first example of complex supramolecular systems, in Chapter 4 the 
synthesis, self-assembly and supramolecular structure formation for poly(tert-butyl 
methacrylate)-b-polystyrene-b-poly(4-vinylpyridine) linear triblock copolymers is 
investigated. Also, the potential to apply these systems as charge-mosaic 
membranes is discussed. 

Next, in Chapter 5, the anionic polymerization of poly(tert-butoxystyrene)-b-
polystyrene-b-poly(4-vinylpyridine) linear triblock copolymers is presented. These 
triblock copolymers also allow complex formation with low molecular weight 
amphiphiles. The self-assembly of the bulk triblock copolymers as well as of the 
stoichiometric complexes is investigated and the differences observed are 
discussed. 

Closely related to this work, Chapter 6 focuses on some peculiarities of the 
temperature dependent SAXS intensity curves of the supramolecular triblock 
copolymer complexes considered in the preceding Chapter. 

One particular supramolecular complex was found to self-assemble into a gyroid 
morphology. The amphiphile could be removed, which resulted in a nanoporous 
gyroid network. The characterization of this bicontinuous nanoporous structure is 
presented in Chapter 7. The potential to use this self-assembled state for 
membrane applications is discussed. 
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Methods 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this Chapter, the most important methods which are used in the experimental 
work are discussed. Both polymer synthesis as well as analysis will be briefly 
reviewed. 
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2.1. Synthesis 

2.1.1. Anionic polymerization 
 

2.1.1.1. Discovery of anionic ‘living’ polymerizations 
 
“No use, it polymerizes.” 1 This is the somewhat unvisionary reply Prof. M. 
Szwarc received from a colleague when asking if he had ever transferred electrons 
to styrene. Luckily, Szwarc did pick up on the importance of the situation and 
would over the following years become the godfather of anionic polymerization. 
He studied in detail the polymerization that occurs when styrene is added to a THF 
solution of sodium naphtalenide.2,3 It turned out that the polymerization continues 
until no monomer is left and that upon addition of a fresh batch of monomer the 
polymerization simply continues. In the following years, the term “living 
polymerization” was given to these kinds of polymerizations in which termination 
is absent. At the moment, living polymers are defined somewhat more carefully as: 
polymers that retain their ability to propagate for a long time and grow to a 

maximum size while their degree of termination or chain transfer is still negligible. 
Since then, numerous vinyl-based monomers with electron withdrawing 

substituents have been polymerized anionically. We will start with an overview of 
the characteristics, advantages and disadvantages of anionic polymerizations. 
 
2.1.1.2. Characteristics and kinetics of anionic polymerizations 

 
The number of growing chains in an anionic polymerization (or any living 
polymerization, for that matter) is constant and since all the monomer in the system 
will be consumed, the number-average degree of polymerization is given simply 
by: 
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PN =         (2-1) 

 
Where [M]0 and [I]0 are the monomer and initiator concentrations at the 

beginning of the polymerization. Flory, when describing the molecular weight 
distributions in an ethylene oxide polymerization, was the first to point out that 
when a polymerization is free of termination and transfer reactions, the molecular 
weight distribution should follow Poisson statistics.4 Accordingly, the 
polydispersity index is given by: 



 
 
 
 
 
 
 
 
Methods                                                                                                                    29 

 

NN

N

N

w

PP

P

P

P
PDI

1
1

1
1

2
+≅

−
+=≡      (2-2) 

 
Thus it is clear that for high molecular weights the polydispersity approaches 

unity. Practically, PDIs for an anionic polymerization satisfy PDI < 1.1. This 
makes anionic and more generally living polymerizations ideal for creating well-
defined block copolymers. 

The requirements for the monomers are straightforward; the anionic species 
should be stabilized and no acidic protons or other terminating groups should be 
present. Electron withdrawing groups stabilize the anionic propagating species. 
 
2.1.1.3. Initiation 

 
The initiation in an anionic polymerization should be fast (at least compared to the 
propagation step), otherwise a higher polydispersity will result. Depending on the 
monomer, one can choose different initiators. The most widely used initiators are 
organolithium compounds (with the butyllithium series as the prime example), 
which are readily available and easy to use. For monomers with very strongly 
electron withdrawing groups, such as methacrylates, alkoxide or hydroxy ions can 
even initiate the polymerization. 
 

Y

-
R Mt + ki

Y

- Mt+
R

+
 

Figure 2.1: Schematic representation of the initiation of an anionic polymerization. Mt+ is a 
counterion, Y is an electron withdrawing group. 

 
Initiators may be monofunctional (BuLi), difunctional (sodium naphtalene) or 

even multifunctional.5 Sometimes, more specifically in the case of monomers that 
are susceptible to nucleophilic side reactions (such as MMA, will be discussed), 
sterically hindered initiators are used. Some examples are the products of 
butyllithium with one or a few units of diphenyl ethylene (DPE), α-methyl styrene6 
and diphenylmethyllithium.7 

 
2.1.1.4. Propagation 
 
Propagation in an anionic polymerization is simply described by the sequential 
addition of monomers to the anionic end of the chain. 
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Figure 2.2. After initiation, propagation proceeds via addition of monomers to the anionic 

site of the growing chain. 
 

Now the importance of understanding the nature of the anion / counterion 
interactions must be stressed. As shown in Scheme 2.3., there are different ion-
pairs, in constant equilibrium with each other during anionic polymerization.8-11 
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Figure 2.3. The anion may be associated tightly or loosely in a polar solvent, depending on 
the system of choice.12 Not all species are necessarily present in any given solvent. 

 
Depending on the polarity of the solvent and the nature of the anion and counter-

(cat)ion, the ion-pair may be closely associated in the form of aggregated ion pairs 
or not at all and be present as free ions. Furthermore, there is a number of other 
possibilities for the ion-pairs to associate. In this respect, it is also important to 
stress the influence of counterion size. For example, it was found that styrene 
polymerizations in polar solvents such as THF show that the propagation rate is 
inversely related to the size of the counterion. 

In contrast, in dioxane the propagation rate constants increase with increasing 
counterion radius. It is essential to understand such equilibria since it is known that 
propagation occurs in unaggregated states.13 

 
Under the given circumstances, with 

pi kk >>  and no termination or chain transfer 

occurring, the number of growing chains P* is constant. Therefore, the rate of 
polymerization has a first-order dependence on monomer concentration and is 
given by 
 

][*]][[
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MkPMk
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R apppp ==−=      (2-3) 

 
where kapp is an apparent pseudo-first order rate constant. Integration then yields 
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So, from the first order time-conversion plot, kapp may be determined directly and 
assuming fast initiation, kp can be calculated from kapp according to (2-4). 
 
2.1.1.5. Termination 

 
Since termination is ideally not present in an anionic polymerization, terminating 
agents are added on purpose after complete consumption of monomer. One can 
simply choose a proton donor such as methanol or ethanol, but there are also 
numerous terminating agents that provide specific functional end groups.14,15 
Functions such as vinyl groups are readily available (Figure 2.4a),16 whereas amine 
functions have to be protected (Figure 2.4b),17,18 because the amine protons are 
somewhat acidic and able to terminate the growing chain itself. 
 

R [ ]
C

YY

-
(n-1)

Mt +

H2C

Cl

R
[ ]

CH2

Y

n Mt
+Cl

-
+ +

R [ ]
C

YY

-
(n-1)

Mt + + Cl (CH2)3 N

Si

Si

R
[ ]

CH

Y

n

Y

(CH2)3 N

Si

Si

R
[ ]

CH

Y

n

Y

(CH2)3 NH2
MeOH

a)

b)

 
Figure 2.4. a) Termination with 4-vinyl benzyl chloride yields a vinyl end-functionalized 

polymer and b) an amine functional end-group is obtained after a living chain end is 
terminated with a protected amine function and precipitated in methanol. 

 
2.1.1.6. Monomers with special features during anionic polymerization 
 
Special measures have to be taken in the case of (meth)acrylic monomers. Due to 
the nature of the ester bond, they are susceptible to side reactions such as hydrogen 
abstraction (acrylic monomers) as well as backbiting (intramolecular Claisen 
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condensations). Usually these reactions are performed at low temperatures and 
using a 5 to 10 -fold excess of LiCl (relative to the initiator) to stabilize the anionic 
species and minimize side reactions.19-21 

Also the polymerization of vinylpyridines and most notably 4-vinylpyridine  
deserves some precautions. The pyridine ring is susceptible to attack by the 
growing anionic species at the ortho position.22 This side reaction will lead to both 
inter- and intramolecular chain reactions which will lead to branched or even cross-
linked polymers.23 These types of side reactions are commonly avoided by 
polymerization at -78 °C (the side reactions are slowed down much more than the 
propagation reaction).24 

 
2.1.1.7. Block copolymers through anionic polymerization 
 
Another great advantage of anionic polymerization is that it allows a very 
straightforward synthesis of block copolymers. Since monomer batches are 
completely consumed, one can simply add a different comonomer to the 
polymerization mixture. 

Of course, it is not that easy; the sequential monomer technique does not always 
work. One has to take in account the fact that different monomers have different 
reactivities of their carbanion species. Therefore, the sequence of blocks is of great 
importance. One has to start with the polymerization of the monomer, which has 
the least stable anion. Starting with the polymerization of the monomer with the 
most stable anion, the polymerization will simply not cross over to the next 
monomer. 

Furthermore, the least stable anions (or: least delocalized charge) are the 
strongest nucleophiles and may attack ester groups. For example, a block 
copolymerization starting with tert-butyl methacrylate followed by a styrene 
polymerization will fail. Firstly because the crossover step is not controlled since 
the methacrylate anion is more stable than the styryl anion. Secondly, the 
polystyryl anions will attack the ester function of tBMA, resulting in branching and 
termination. 

Such difficulties may be overcome in some cases by end-capping of the anionic 
species with (derivatives of) diphenylethylene (DPE). Quirk et al. thoroughly 
investigated the use of this molecule as a capping agent as well as terminating 
agent.25 It turns out that PDE is not able to homopolymerize and will add only once 
to an anion and as such is very suitable for endcapping. It has been proven a very 
stable anionic species in many different block copolymerizations, for example in 
the crossover reaction from styrene or butadiene to methacrylates.26 
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2.1.2. Atom transfer radical polymerization 
 
2.1.2.1. Principles of atom transfer radical polymerization 
 
Traditionally, (free) radical polymerizations have a very uncontrolled nature. 
Terminations and chain transfers to monomer, solvent and polymer are virtually 
unavoidable due to the nature of the propagating species; the radical. Due to these 
possible side reactions, molecular weights are difficult to predict and the 
polydispersities are often very high. A number of techniques have been developed 
since the 1990s that provide a good control over radical reactions. The most 
important ones are Nitroxide Mediated Polymerization (NMR), Reversible 
Addition Fragmentation chain Transfer (RAFT) and Atom Transfer Radical 
Polymerization (ATRP). In the research presented in this thesis, only ATRP was 
used to synthesize block copolymers.27 

The above mentioned processes rely mainly on the following observation: 
termination reactions show a second order dependence on the concentration of 
radicals, whereas propagation has a first order dependence. Therefore, if the 
concentration of radicals can be kept very low during the reaction, the termination 
rate will be much more reduced than the propagation rate. For ATRP, this was 
achieved as follows. 

Matyjaszewski et al. used a reversible redox process, called atom transfer radical 
addition to lower the concentration of free radicals (see Figure 2.5).28 

 

Pn-X + MetalnLm Pn
. + Metaln+1LmX

M
kp

ka

kd

 
Figure 2.5. A schematic representation of the ATRP process. 

 
It makes use of a transition metal (usually copper), which can adopt different 
oxidation numbers. The polymer chains (Pn)  in ATRP are end-capped by a halide 
function (-X, usually chloride or bromine). A catalytic amount of the transition 
metal-ligand complex Metal

n
Lm reversibly takes up the halide from the polymer to 

become the corresponding oxidized species Metal
n+1

Lm-X. At the same time, the 
propagating radical species Pn• is created. The equilibrium constant of the reaction, 

daATRP kkK /=   is ideally very small, ranging from 10-9 to 10-5 (
ad kk >> ) and 

therefore the concentration of radicals is very low. Terminations cannot be 
completely avoided however, as is the case for anionic polymerizations. Just as in 
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conventional free radical polymerization, termination can occur as coupling or 
disproportionation. The biggest challenge in ATRP is to diminish these 
terminations as much as possible. Therefore, for each monomer, the optimal ATRP 
system has to be found. Depending on the type of monomer, one selects the proper 
solvent, transition metal, ligand and halide species. 

Since this type of polymerization is not truly a living one, dispersities usually 
are somewhat higher than in the case of polymers which are synthesized 
anionically. 

 
2.1.2.2. Initiation 
 
The choice of initiator for a successful ATRP depends on the monomer to be 
polymerized. Ideally, one could select an initiator which resembles the repeat unit 
of the polymer. In any case, though, initiation should be fast (compared to 
propagation) and complete. Both criteria have been proven not always to be the 
case. Especially in the case of macroinitiators, it has been observed that the 
initiator may be consumed very slowly. As an example of incomplete consumption 
of initiator, the PMDETA / CuBr-mediated ATRP of methyl methacrylate initiated 
by tosyl chloride was investigated. Side reactions of the initiator with the ligand 
were found, thus causing the formation of a side product (N,N-dimethyl-p-
toluenesulfonamide) which corresponded to about half of the amount of initiator 
used.29 

One may also choose a specific initiator to obtain telechelic polymers with a 
halogen end group and the initiator fragment as the starting group.30 

The halogen on the initiator strongly influences the activation constant; kact 
increases in the order Cl < Br < I. This feature is used in block copolymerizations 
by employing the so-called halogen-exchange technique (Section 2.1.2.4.). 
 

2.1.2.3. Equilibrium and Propagation 
 
The catalyst activity depends on the redox potential of the metal-ligand complex. 
Besides this redox potential, the ability to bind halides (halogenophilicity)31 is very 
important. Commonly though, copper species are used as the transition metal. In 
conjunction with these Cu(I)- species nitrogen-based bidentate (bipyridines, bipy), 
tridentate (diethylenetriamines, DETAs), tetradentate (tris[2-aminoethyl]amines, 
TREN) or even multidentate ligands are used.32-34 Some commonly used ligands 
are shown in Figure 2.6. 
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Figure 2.6. Some commonly used ligands for ATRP. 

 
A great number of ligands are used in literature and the effect of the ligand 
structure on the activation rate constants was investigated.35 Generally, it was 
found that the activation rate constant increases in the order of bidentate < 
tridentate < tetradentate ligands. While a large ka has a favorable effect on the 
control of the reaction, KATRP should still be very small to obtain a low 
concentration of radicals. 
 
The propagation rate of an ATRP can be given by 
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which implies that the polymerization rate increases with increasing initiator 
amount and is dependent on the ratio of activator to deactivator concentration – not 
the absolute total amount of copper species. The polydispersity of an ideal ATRP 
can be described by 
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where p is the conversion of the reaction. This implies that the polydispersity 
decreases for higher conversions p and higher degrees of polymerization DPn. 
 
A variety of novel types of ATRP has been introduced lately to adjust this type of 
polymerization to industrial standards. For example, AGET (Activators Generated 
by Electron Transfer)36,37 and ARGET (Activators Regenerated by Electron 
Transfer) ATRP38,39 make use of reducing agents that are unable to initiate chains 
themselves, but can reduce the higher oxidation state transition metal complex. As 
such, the polymerizations are much less sensitive to oxygen. In the case of ARGET 
ATRP, the added advantage is that the amount of catalyst can be greatly reduced 
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(to ppm scale), making it much more environmentally friendly than conventional 
ATRP. These techniques are not used in the research presented here. 
 
2.1.2.4. Block copolymers through ATRP and halide exchange 

 
Many different block copolymer systems have been synthesized with ATRP; 
linear, star and graft topologies are readily available. The complete consumption of 
macroinitiator is an important issue in sequential block copolymerizations. First of 
all, it requires that all macroinitiators actually have a halide end-group and 
secondly, consumption should be fast. 

Slow consumption of macroinitiator is commonly avoided by using a copper 
chloride catalyst for the chain extension of a bromine endcapped homopolymer. 
This process is called the halide exchange technique and relies on the difference in 
activation constants for different halide groups.40 Fast initiation is realized because 
the bromine (macro)initiator has a  large activation constant. On the other hand, 
using a CuCl catalyst ensures fast deactivation, resulting in better control and 
narrower polydispersities than would be the case for an all-bromine ATRP. 
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2.2. Analysis 

2.2.1. Small-angle X-ray scattering 
 
2.2.1.1. X-ray scattering fundamentals

41,42 

 
Some years after X-rays were discovered by Wilhelm Röntgen, it was realized that 
they would be diffracted when passing through a crystal, since the wavelengths are 
comparable to the separation of crystal lattice planes. Since then, X-Ray diffraction 
has become the most powerful tool for determining crystal structures. 

Electrons scatter light and thus also X-rays. The wavelengths of X-rays are one 
to two orders of magnitude smaller than the typical length scales of block 
copolymer morphologies. As a consequence, an X-ray irradiated sample with 
periodic nanoscopic regions of different electron densities gives rise to a 
characteristic scattering pattern at small angles. Such a pattern provides essential 
information on the morphology. It must be noted, however, that most of the X-rays 
do not interfere with the sample but travel straight through the sample, since the 
sample has to be thin enough to avoid multiple scattering events. Therefore, in a 
Small-angle X-ray Scattering (SAXS) set-up, a beam stop is present to absorb the 
forward beam, preventing destruction of the detector. 

 

The diffraction of X-rays (or waves in general) by a periodic structure is easily 
explained by Braggs Law: 

 

θλ sin2 hkldn =         (2-7) 

 
where n is an integer, indicating the order of the reflection 
 dhkl = interplanar spacing between parallel planes hkl 
 θ = Bragg angle or half the scattering angle 
 
The scattering vector q, the vector difference between the wave propagation 
vectors of the scattered and the incident beam, is given by: 
 

λ

θπ sin4
=q         (2-8) 
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So, when the first order peak of a structure is found, the difference between 
lattice planes or the characteristic length scale, d is easily found by: 
 

q
d

π2
=         (2-9) 

 
The amplitude of the scattered X-Rays is given by 
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where ρ(r) is the scattering length density distribution (or electron density 
distribution in the case of X-Rays) and V is the volume of the radiated sample. The 
intensity I(q) is then related to the amplitude by 
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In other words, the scattered intensity is equal to the absolute square of the 

Fourier transform of the electron density distribution (of the volume selected). 
 
 
2.2.1.2. Scattering of ordered materials 
 
SAXS provides essential information on the morphology of block copolymer 
systems. When applying SAXS, a sample is irradiated by a well-defined, 
monochromatic X-ray beam and the scattering of the X-rays by the sample is 
measured at very small angles. The information obtained is of the irradiated part of 
the sample which is of macroscopic size. Hence, this information characterizes the 
sample as a whole. 
 
When dealing with materials with a periodic order, the intensity of scattered X-
Rays can be described as the following product: 
 

)()()( qSqPqI =        (2-12) 
 
Where P(q) is called the form factor and S(q) is the structure factor. The structure 
factor is a Fourier transform of the real lattice and when the structure would be free 
from defects, the structure factor would also be a lattice (in reciprocal space). 
However, for block copolymers, the peaks are broadened in practice because of 
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imperfections in the self-assembled morphology as well as the fact that there are 
different grains of ordered material. Because of this, usually only the first few 
Bragg reflections may be visible as separate peaks.42 The scattering of a sample is 
derived from its unit cell and the corresponding lattice planes. The ratio of the 
characteristic peaks and the first order peak gives information on the different 
lattices. For body-centered cubic spheres, hexagonally ordered cylinders and 
lamellae, the scattering patterns have different allowed reflections according to: 
 

*.)( 222 qlkhhklq ++=  for spheres (body-centered cubic) (2-13) 
 

*.)( 22 qkhkhhklq ++=  for cylinders (hexagonal)  (2-14) 
 

*.)( qhhklq =    for lamellae    (2-15) 
 
Where q* is the first order reflection and h,k,l = 0, 1, 2, 3, 4,… 
 

The form factor gives information about the size and shape of the object which 
scatters. Form factors can be described for the different shapes (cylinders, spheres 
and lamellae) and sizes by different functions. They become particularly relevant in 
the case of missing reflections. 
 
 
2.2.1.3. Systematic absences of scattering peaks 
 
First of all, there should be an electron density difference between the different 
microdomains in order for any scattering peak to be observed, at all. When the 
electron density difference between the two blocks of a diblock copolymer is too 
small, no peaks will be observed in the SAXS intensity curves.43 

When the form factor at a certain q value is zero, the product in formula (2-11) will 
be zero, independent of the structure factor at the same point. Therefore, it may 
very well be that an expected reflection is missing due to a zero form factor. For 
example, in the case of a lamellar diblock copolymer morphology, the form factor 
for the second order reflection will be zero when the lamellae are of the same 
thickness. 
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2.2.2. Transmission electron microscopy 

2.2.2.1. Electron microscopy 

 
The first electron microscope was developed around 1930 by Ruska and Knoll. 
Conventional microscopes make use of (visible) light and the resolution is limited 
to approximately half of the wavelength, being 200-300 nm. The electron 
microscope uses an electron beam, which leads to much smaller wavelengths. At 
100 kV, an electron acceleration voltage which is typically used in electron 
microscopes, the electron wavelength is about 0.004 nm. The biggest problem in 
creating the EM was finding a way to focus the beam, which was solved by the 
creation of a magnetic coil acting as the electron focusing lens. 

The electron beam is emitted by tungsten or lanthanum hexaboride filaments or 
the more modern field emission guns; all of these have a negative potential in the 
order of 50-400 kV. The electrons are focused by two of the aforementioned 
condensers, which control both the spot size and electron beam intensity on the 
sample.44 The specimen is now hit by an electron beam of which the focus can be 
controlled. 

There are various interactions between the accelerated electrons and a specimen 
(Figure 2.7). Scanning electron microscopy detects the secondary and 
backscattered electrons, whereas transmission electron microscopy detects the 
transmitted electrons. 

 

 
Figure 2.7. Different types of interactions can occur between 

an electron beam and a specimen. 



 
 
 
 
 
 
 
 
Methods                                                                                                                    41 

 
Because there are so many different possible interactions with the electron beam, 
one has to take care not to alter or destroy the sample itself. For example, it is well-
known that methacrylate samples are easily degraded by the electron beam in the 
vacuum of the apparatus. As a consequence of this, methacrylic polymers (or 
blocks) may shrink significantly. This is especially expected for the poly(tert-butyl 
methacrylate) blocks of the copolymers used in Chapter 4, since the tert-butyl 
group is easily degraded, releasing isobutylene. In literature, examples may be 
found of PtBMA domains shrinking in the electron beam to less than half of their 
original size.45,46 

After interaction with the specimen, the transmitted electrons pass through an 
objective lens and an intermediate lens, which both magnify the image obtained. 
Finally, the electrons hit a fluorescent screen, which produces the actual image. 
There are two different modes of microscopy; bright field and dark field. Dark field 
microscopy excludes the unscattered beam from the image, resulting in a dark 
background. Bright field microscopy is the most widely used mode for 
(transmission) electron microscopy; if there is no sample, the electrons travel 
through unaffected and these regions appear bright in the image. Regions with a 
high(er) atomic number will appear dark. 
This immediately leads to one of the biggest problems in bright-field electron 
microscopy imaging. Since the differences in atomic number for different polymers 
are very small, contrast has to be enhanced. This is discussed in Section 2.2.2.3. 
 
2.2.2.2. Thin sectioning 
 

The samples which are to be investigated with TEM, should not be too thick, in 
order for electrons to be able to pass through. To this end, one has two options: a) 
to study the isolated specimens from solution (as is done for viruses, for example)  
or b) to make very thin sections of the bulk sample. 

Both methods can be used in the case of polymers. For example: when one is 
interested in the self-assembly of an amphiphilic block copolymer in solution, one 
may use cryo-TEM to freeze the solution morphologies (cooling with liquid 
nitrogen or helium). After staining (see Section 2.2.2.4.), individual objects made 
by the polymer such as vesicles or micelles can be seen. 

To study how a block copolymer self-assembles in the bulk, very thin sections 
of the sample have to be made, otherwise the electrons will be scattered by the 
sample. A polymer specimen can be cut directly if it has a very high glass 
transition or by freezing it first. It can also be cut indirectly, after embedding it in a 
resin. The latter is the method applied for the work in this thesis. During our 
research, epoxy resins were used, mainly because they are quite stable in the 
electron beam of the apparatus. 
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After curing of the epoxy resin, the polymer sample is fixed inside and thin 
sections can be made. The thin sectioning is also called microtoming and is 
basically cutting with a diamond knife, viewed under a microscope. If the polymer 
sample has (a) glass transition temperature(s) above room temperature, ‘normal’ 
ultramicrotomy is used, but when (one of) the glass transition(s) lie(s) below room 
temperature, cryomicrotomy should be applied. This method involves freezing the 
sample before cutting in liquid nitrogen. 

Using diamond knives, the resin is cut away until the sample is reached. The 
surface is smoothened and subsequently cut into a trapezoid shape, of which the 
actual sections are then cut. 

The diamond knife is usually equipped with a trough, which is filled with water. 
Now after cutting the ultrathin sections, they float off the knife, on top of the water 
surface. Using a white light source, the microtomed sections will interfere with the 
light at wavelengths corresponding directly to their thickness. In this way, one can 
select the proper sections to collect on a copper grid (Figure 2.8), which can be 
placed inside the electron microscope. The proper thickness of a polymer sample is 
usually between 50-100 nm. 
 

 
Figure 2.8. After cutting a smooth surface into a trapezoid shape with a coarse knife (a), 

sections are cut with a fine diamond knife, equipped with a water trough (b). The cutting is 
observed under a microscope (c), which allows the selection of the proper sections. These 

are subsequently picked up and placed on a copped grid (d). 
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2.2.2.3. Staining of samples 
 
Most polymers consist of carbon, nitrogen, oxygen and hydrogen atoms and as 
such, the electron density difference is very small. Accordingly, the contrast 
between such polymers is too low for direct observation by TEM imaging. To 
overcome this problem, staining agents are used, which are substances with a large 
atomic mass. 

In the case of block copolymers, the key is to selectively stain the blocks in 
which case the microphase separated morphology may be observed. It is important 
to realize, however, that in this case the morphology is judged based on the 
concentration of the staining agent throughout the sample. Since staining may be 
diffusion dependent and therefore even incomplete, the picture revealed may not 
correspond completely to the actual self-assembled state.46 A number of staining 
agents is available these days and the ones used in the work presented in this thesis 
will be discussed. 

Polymers containing unsaturated bonds may be stained with ruthenium or 
osmium tetroxide.47 It is furthermore reported that RuO4 can react with ether, 
alcohol and amine functions.48 One should take care in handling these substances, 
since they are both highly toxic as well as have a high vapor pressure. The high 
vapor pressure of the substances makes them ideal for staining in the gaseous 
phase. 
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Figure 2.9. Reactions of RuO4 (a)49 and OsO4 (b)50 with unsaturated bonds. 
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It is very important to realize that the images obtained from stained block 
copolymer samples show the presence of the staining agent, and not the different 
blocks. For example, it is known that ruthenium tetroxide staining may 
preferentially occur at interfaces of different polymers as was shown by Auschra 
and Stadler.51 The same research also showed that RuO4 staining is dependent on 
both time and temperature. 
While OsO4-solutions are readily available and quite stable for a long period of 
time, RuO4 is highly unstable in solution. Therefore, in this research RuO4 was 
prepared by sprinkling a few crystals of ruthenium trichloride hydrate (RuCl3•H2O) 
into a beaker containing a small amount of sodium hypochlorite in water (Figure 
2.10).52 The grid containing the sections to be stained is placed above this beaker at 
room temperature. 
 

RuCl3 H2O + 8NaClO
H2O

2 RuO42 + 8NaCl + 3Cl2 + 3H2O
 

 
Figure 2.10. Ruthenium tetroxide is synthesized in situ by oxidation of ruthenium 

trichloride with sodium hypochlorite. 
 
Poly(4-vinylpyridine) blocks are commonly stained with iodine vapor. Iodine 
forms a charge-transfer complex with the nitrogen atom of the pyridine and as such 
stains poly(4-vinylpyridine) selectively. 
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Abstract 
 
The values of the Flory-Huggins interaction parameters of four different pairs of 
monomers, that form the repeat units of the two classes of triblock copolymers 
studied in this thesis, are determined on the basis of random copolymer miscibility 
studies. Random copolymers of each monomer pair were synthesized and 
subsequently blended with one of the corresponding homopolymers. By 
determining the critical random copolymer composition at the border line between 
mixing and macrophase separation, the values of the χ-parameters involved can be 
calculated in a straightforward manner. The knowledge of these values is of direct 
interest for the self-assembly studies of the triblock copolymers that will be 
discussed in the subsequent Chapters. 
 
Part of this Chapter was published in: Gobius du Sart, G.; Rachmawati, R.; Voet, V.; 
Alberda van Ekenstein, G.; Polushkin. E.; ten Brinke, G.; Loos, K. Macromolecules 2008, 
41, 6393-6399 
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3.1. Introduction 

3.1.1. Determining χ-parameters experimentally 
 
Over the years, different researchers have used different methods to determine χ-
parameters experimentally.1 Among these methods are: neutron reflectivity 
experiments,2 small-angle X-ray scattering regarding the ODT of diblock 
copolymers,3 the solubility parameter approach (which is merely a calculation 
based on known or estimated solubility parameter values)4 and contact angle 
measurements.5 

In the past, we have performed so-called random copolymer miscibility studies 
for styrene/4-vinylpyridine to calculate the corresponding χ-parameter.6 The 
motivation for these experiments was a publication, in which the interaction 
parameter between the monomers was calculated using different experimental 
procedures. The authors employed Atomic Force Microscopy (AFM, to determine 
micelle spacings), contact angle measurements on droplets of PS on a thin P4VP 
film and neutron reflectivity to determine the PS/P4VP interfacial width.7 
Unrealistically large values of the S/4VP interaction parameter were obtained in 
combination with a very large window: 5.738.0 4, << VPSχ . The conclusion from 

the random copolymer experiments was 35.030.0 4, << VPSχ , a conclusion that 

was corroborated recently by a small angle neutron scattering study on PS-b-P4VP 
diblocks.8 

 
As will be discussed in subsequent Chapters, two different novel triblock 

copolymers, both involving styrene and 4-vinylpyridine blocks, were synthesized 
using both ATRP and anionic polymerization. The self-assembly of these triblock 
copolymers as well as their hydrogen-bonded supramolecular complexes with low 
molecular weight amphiphiles was investigated. To rationalize the morphologies 
observed, information about the different interaction parameters involved is 
indispensable. The triblock copolymers are poly(tert-butyl methacrylate)-b-
poly(styrene)-b-poly(4-vinylpyridine) or PtBMA-b-PS-b-P4VP and poly(tert-
butoxy styrene)-b-poly(styrene)-b-poly(4-vinylpyridine) or PtBOS-b-PS-b-P4VP. 
Since the χ-parameter value for St and 4VP is known,6 there are four more 
parameters left to determine, namely tBMAS ,χ , VPtBMA 4,χ , tBOSS ,χ  and VPtBOS 4,χ . To 

this end, we decided to perform appropriate random copolymer blend miscibility 
studies. 

If two polymers are completely immiscible (the strong segregation limit), a 
direct determination of the interaction parameter from the phase behavior of the 
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two polymers is impossible. One possibility is to use low(er) molecular weight 
analogues, using the known relation between the molecular weight and the 
mixing/demixing behavior. The second possibility, which will be used here, is the 
use of suitable random copolymer blends. 
A simple mean-field analysis,9-12

 shows that the Gibbs free energy of mixing per 
segment for a blend of homopolymer P(A) and random copolymer P(Ax-co-B1-x) is 
given by 
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where both components are assumed to be monodisperse with chain lengths N1 and 
N2, respectively; φ denotes the volume fraction of P(A). The essential observation 
is that the interaction parameter effχ  is related to ABχ  by 
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and thus will be much smaller than ABχ  for 1→x . Since phase separation occurs 
for 
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equation 3.2 demonstrates that both species will become miscible for x sufficiently 
close to 1. In general the polymer species involved are not monodisperse. 
Therefore, the first two terms in eq. 3.1, representing the translational entropy of 
the two monodisperse polymers involved, will have to be replaced by many similar 
terms, one for each chain length. The effect of polydispersity on the miscibility of 
different polymers has been discussed by Koningsveld et al.13 In a good 
approximation eq. 3.3 now becomes  
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where wN ,1  and wN ,2  denote the weight average chain lengths of the respective 

components. 
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From equations 3.2 and 3.4 it is evident that the value of ABχ  can be estimated by 
investigating the value of x for which immiscibility turns into miscibility for  
blends of P(Ax-co-B1-x) random copolymers with homopolymer P(A). Thermal 
analysis will be used to determine the miscibility. Using Differential Scanning 
Calorimetry (DSC), the blend is heated into the melt state (above the glass 
transitions of both polymers), annealed and cooled to room temperature again. In a 
subsequent scan miscibility is judged on the basis of the presence of one or two 
glass transition temperatures. The presence of two glass transition temperatures is a 
clear indication of macrophase separation having occurred in the melt state. The 
presence of a single glass transition implies a molecularly mixed state provided the 
glass transition temperatures of the respective pure components are sufficiently far 
apart (e.g. 20 °C). Because of the nature of the blends, the glass transition 
temperatures will usually be quite close and the above criterion can not be used. 
This is always the case for 1→x . Therefore, a different procedure is required as 
will be discussed next. 
 

3.1.2. Physical aging 
 
To overcome the problem associated with glass transition temperatures that are too 
close, an alternative thermal analysis procedure has been developed two decades 
ago.14-17 

This procedure is based on physical aging or thermal annealing of a system in 
the glassy state. When a molecularly homogeneous blend of two polymers with 
comparable glass transition temperatures is annealed at a temperature Ta just below 
their Tgs, a subsequent DSC scan will reveal a single enthalpy relaxation peak 
(Figure 3.1). 

 
 
 
 
 
 
Figure 3.1. Schematic thermogram of 
the glass transition of a polymer system. 
After physical aging, an enthalpy 
recovery relaxation peak is recovered 
upon heating. 
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However, when the blend is phase separated, the thermal annealing procedure, if 

correctly applied, will reveal two enthalpy recovery peaks. Thermal aging is an 
extremely complicated process involving a spectrum of relaxation times. 
Therefore, even if two chemically different polymers have a nearly identical glass 
transition temperature, the effect of physical aging will be different. Hence, two 
different polymers will in general have different relaxation peaks. Using modulated 
DSC,18,19 which can separate reversible and non-reversible heat flow signals, the 
analysis of these physical aging experiments have become unambiguous. The 
physical aging temperature Ta should not be too far below the Tgs, since this would 
make the relaxation very slow. On the other hand, when Ta is too close to the Tgs, 
the polymer system relaxes quickly to its equilibrium state and only a single 
shallow enthalpy recovery peak will be visible irrespective of the phase state of the 
mixture. Practical experience has taught us that the optimum difference between Tg 
and Ta varies somewhat, with 15-20 K usually being an appropriate choice.20 
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3.2. Experimental Section 

3.2.1. Materials 
 
Styrene (St, ACROS, 99 %), 4-vinylpyridine (4VP, Aldrich, 95 %), tert-butyl 
methacrylate (tBMA, Aldrich, 98 %) and tert-butoxystyrene (tBOS, Aldrich, 99 %) 
were dried over calcium hydride, distilled under reduced pressure and stored under 
nitrogen at 6 °C. Toluene (LAB-SCAN, 99.5 %), acetone (LAB-SCAN, 99.5 %) 
and dimethyl formamide (DMF, Acros, > 99 %), were distilled and stored under 
nitrogen at room temperature. Hydroquinone (Merck, > 99 %) and α,α-
Azobisisobutyronitril (AIBN, Fluka, ≥ 98 %) were used as received. All 
polymerizations were performed under an atmosphere of dry nitrogen. Different 
P4VP and PS homopolymers were supplied by Polysciences whereas PtBOS 
homopolymers were synthesized. 

3.2.2. Characterization 
 
Gel Permeation Chromatography (GPC) measurements were performed in DMF 
with 0.01 M LiBr at 70 °C (1 mL/min) on a Waters 600 Powerline system, 
equipped with 2 columns (PL-gel 5 µ,  30 cm mixed-C, Polymer Laboratories) and 
a Waters 410 Differential Refractometer. Measurements in THF were performed at 
25 °C (1 mL/min) on a Spectra Physics AS 1000 LC-system applying universal 
calibration using a Viscotek H-502 viscometer and a Shodex RI-71 refractive index 
detector and Trisec software (Viscotek). PLGel 5 µ 30 cm mixed-C columns 
(Polymer Laboratories) were used. The polymer samples were calibrated using 
narrow disperse polystyrene or PMMA standards (Polymer Laboratories). 

1H-NMR spectra in CDCl3 were recorded on a 300MHz Varian VXR operating 
at room temperature. 

(Temperature-Modulated) Differential Scanning Calorimetry (M-DSC) was 
performed with a TA Instruments Q1000. A modulated mode with a 
heating/cooling rate of 1 °C/min, an amplitude of 0.5 °C and a period of 60 s was 
used. 

Thermal Gravimetric Analysis (TGA) was performed on a Perkin Elmer 
Thermogravimetric Analyzer TGA7. A temperature scan rate of 10 °C/min was 
used. 
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3.2.3. Random copolymer synthesis 
 
The random copolymers were synthesized via free radical polymerization, initiated 
by AIBN. As a typical synthesis, a random copolymerization of styrene and tBMA 
is chosen. A 250 mL three-necked, round bottom flask was degassed and backfilled 
with nitrogen three times and via a septum styrene, tBMA and toluene were added 
using a syringe. The total amount of monomers was about 12 g. The mixture was 
stirred and subjected to 3 freeze-thaw cycles after which it was placed in an oil 
bath thermostated at 80 °C. In a 50 mL three-necked flask, about 40 mg of AIBN 
was dissolved in 5 mL toluene and the mixture was also subjected to three freeze-
thaw cycles. Then the initiator solution was added to the polymerization flask using 
a syringe. The polymerization was carried out for 2 to 3 hours, making sure that the 
monomer conversion was around 10 % to avoid composition drift in the resulting 
copolymer. The polymerization was terminated by adding hydroquinone. Toluene 
was evaporated and the polymers were precipitated from the remaining monomer 
solution in a ten-fold excess of methanol. A second precipitation was then 
performed from chloroform into methanol. All polymers were then dried for a few 
days at 40 °C in vacuo. 

The random copolymers of tBMA/4VP and tBOS/4VP were synthesized in 
DMF because it was found that in toluene, the polymers precipitate during 
polymerization. Since the polymerization is much faster in DMF, the reaction time 
was shortened to 30 min to ensure conversions of about 10 %. The tBMA/4VP 
copolymers were precipitated in hexane and the tBOS/4VP copolymers were 
precipitated in ether or ether/hexane (1/1 vol%). 

3.2.4. Blend preparation 
 
Random copolymer/homopolymer blends were cast by dissolving both polymers in 
chloroform in a 1:1 weight ratio and drop casting the solution directly into a DSC 
pan (dry sample weight about 10 mg). 
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3.3. Results and discussion 
 
In this section, the results of the random copolymer syntheses and the outcome of 
the blend studies are discussed for each monomer pair separately. 

3.3.1. Styrene and tert-butyl methacrylate 
 
Random copolymers were synthesized in toluene as explained in the Experimental 
Section. The results are summarized in Table 3.1. 
  

Table 3.1. Characteristics of the P(S-co-tBMA) random copolymers. 

Entry 
 

Fraction Sta 
(weight%) 

wM b 

(kg/mol) 
PDIb 

 
Tg 

(°C) 
PS 100 30.8 1.77 101 
1 89 23.9 1.58 99 
2 84 28.4 1.57 100 
3 72 25.6 1.56 98 
4 61 23.7 1.43 98 
5 51 27.6 1.36 101 
6 47 27.7 1.42 100 
7 45 28.1 1.36 100 
8 38 32.2 1.35 103 
9 21 43.8 1.34 107 

PtBMA 0 84.3 1.81 121 
a) Determined from 1H-NMR. 

b) Determined by GPC in DMF, calibrated against PS. 
 
The conversion is calculated gravimetrically, dividing the yield of polymer by the 
total amount of monomer in the feed. The weight fractions are calculated from the 
1H-NMR spectrum by taking the ratio of the aromatic signals of St and the t-butyl 
resonance of tBMA. This molar fraction is converted to the weight fraction taking 
in account the molar masses of St and tBMA. 

A second method of calculating the conversion is found by using the dn/dc 
values determined from GPC measurements. Since the dn/dc values for both 
PtBMA (0.068) and PS (0.184) are known, the conversion may be calculated 
according to the following relation: 
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=     (3.5) 

 
Using this equation, Table 3.2 is constructed. 
 

Table 3.2. Comparison of the composition data using both NMR and GPC. 

Entry 
Weight% 
St (NMR) 

dn/dc 
 

Weight% St 
(GPC) 

PS 100 0.184 100 
1 89 0.170 88 
2 84 0.165 84 
3 72 0.156 76 
4 61 0.153 73 
5 51 0.136 59 
6 47 0.133 56 
7 45 0.132 55 
8 38 0.120 45 
9 21 0.102 29 

PtBMA 0 0.068 0 
 
One can easily see that in general the trend corresponds quite well, although for 
high tBMA fractions the numbers are significantly different. In this paragraph 
however, the compositions from NMR are used, since the GPC data are very 
sensitive to weighing errors and impurities in the elution sample. 

One important feature of the synthesis is the fact that the copolymers should 
actually be random copolymers. In this research, this fact is assured by keeping the 
conversion low at about 10 %, which will prevent composition drift in the resulting 
copolymer. This is reflected by the fact that the monomer feed ratio corresponds 
quite well to the monomer ratios in the resulting copolymer as shown in Table 3.3. 
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Table 3.3. St weight% in the monomer feed vs. St weight% in the copolymer. 
Entry 

 
St weight% in 
monomer feed 

St weight% in 
copolymer 

PS 100 100 
1 92 89 
2 88 84 
3 76 72 
4 63 61 
5 51 51 
6 47 47 
7 42 45 
8 34 38 
9 17 21 

PtBMA 0 0 
 
Furthermore, all copolymers exhibit one, clearly well-defined glass transition 
temperature. Last but not least, it is known from literature21 that the reactivity ratios 
for this free radical copolymerization are: r1 = 0.545 and r2 = 0.61, indicating that 
the polymerization is a statistical copolymerization (between an alternating and an 
ideal copolymerization). 

Except for the copolymer with the largest tBMA fraction, all copolymers have a 
glass transition temperature of around 100 °C, which is very close to the glass 
transition temperature of homopolymer polystyrene with a molar mass of 10 
kg/mol or higher. For this reason a PS sample of a molar mass of 2800 g/mol, with 

CT o

g 70≅ , was first selected for the PS / P(S-co-tBMA) copolymer blend 

miscibility study. Figure 3.2 shows the complete series of DSC curves for the 
different 50/50 wt% PS / P(S-co-tBMA) blends. In figure 3.3, one can see the 4 
curves that are closest to the critical composition more clearly. 
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Figure 3.2. Reversible heat flow curves for blends of PS ( molgM n /2800= , PDI = 

1.05) with the synthesized P(S-co-tBMA) random copolymers. 
 

 

Figure 3.3. Reversible heat flow curves for blends of PS ( molgM n /2800= , PDI = 

1.05) with 4 different P(S-co-tBMA) random copolymers around the critical composition. 
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The figures show that PS is miscible with the copolymer with a weight fraction 
of 55.5 wt% tBMA (one Tg), whereas phase separation occurs in a mixture with the 
copolymer containing 62.3 % tBMA (two Tgs). Given the relatively low molar 
mass of PS, 50/50 wt% is most likely not the critical blend composition. This is not 
relevant for the observed immiscibility but could in principle affect the conclusion 
of miscibility reached for the 55.5 wt% tBMA copolymer blend system. 
Experiments with different blend compositions, however, showed this to not be the 
case. Using earlier mentioned expressions, it follows from the observed phase 
separation for the 62.3 wt% tBMA copolymer blend system that 08.0, >tBMASχ . 

Note that this number is based on taking styrene as the segment and taking equal 
densities for St and tBMA. Likewise, the observed miscibility for the 55.5 wt% 
tBMA copolymer provides an upperbound of 0.1. Hence, from this random 
copolymer blend miscibility study we conclude 
 

10.008.0 , << tBMASχ        (3.6) 

Since all DSC scans were taken with a scanning rate of 1 °C/min, from room 
temperature up to 140 °C and the second scan is used to judge miscibility, the 
behavior observed is characteristic for the temperature range 100-140 °C. 
Therefore, inequality 3.6 is expected to hold for this temperature interval. Of 
course, this does not imply that the interaction parameter is constant; it will vary 
with temperature but within the given range of values. 

To have a significant difference in Tgs between the random copolymers and the 
polystyrene homopolymer, a low molecular weight PSt sample was used. To 
exclude end-group effects, also a blend study was performed with a polystyrene 

sample of somewhat higher molar mass of molgM w /7025= , with CT o

g 92≅ . 

The DSC scans of these blends are shown in Figure 3.4. 
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Figure 3.4. Reversible heat flow curves for blends of PS ( molgM w /7025= ) with 

different P(S-co-tBMA) random copolymers. 
 
From these heat flow curves, it is impossible to conclude which blend has one and 
which blend has two glass transitions. Therefore, these samples were physically 
aged at 80 °C for a week after having been annealed in the melt state. The 
subsequent heat flows, showing the enthalpy recovery peaks, are shown in Figure 
3.5. 
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Figure 3.5. Total heat flow curves for blends of PS ( molgM w /7025= ) with different 

P(S-co-tBMA) random copolymers after physical aging at 80 °C. 
 

Clearly, the blends of 53 % and 49 % tBMA show two relaxation peaks, 
indicating a phase separated system, while the 28 % tBMA sample clearly shows 
the existence of a mixed system. The 39% tBMA copolymer blend is most 
probably on the border of mixing/demixing, since the relaxation peak is very broad. 
If we assume this to be the upper border of the interaction parameter, we may 
calculate that: 
 

11.007.0 , << tBMASχ        (3.7) 

 
which is in excellent agreement with inequality 3.6, although the interval is 
somewhat broader. 
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3.3.2. Styrene and tert-butoxystyrene 
 
These random copolymers were also synthesized in toluene and their 
characteristics are given in Table 3.4. 
 

Table 3.4. Characteristics of the P(S-co-tBOS) random copolymerizations. 

Entry 
 

Fraction Sta 
(weight%) 

wM b 

(kg/mol) 
PDIb 

 
Tg 

(°C) 
PtBOS 0 59.2 1.53 108 

1 17.9 35.0 1.44 107 
2 24.9 37.0 1.46 107 
3 30.0 35.8 1.44 108 
4 32.6 37.0 1.47 107 
5 41.0 34.7 1.46 107 
6 49.1 47.3 1.52 109 
7 58.0 31.0 1.45 106 
8 66.4 31.0 1.44 105 
9 79.8 34.0 1.45 104 

a) Determined from 1H-NMR. 
b) Determined by GPC in DMF, calibrated against PS. 

 
The conversion is calculated gravimetrically, dividing the yield of polymer by the 
total amount of monomer in the feed. Typical conversions were around 10 %, with 
some variation, most likely due to the precipitation methods. The fractions are 
calculated from the 1H-NMR spectrum by taking the ratio of the aromatic signals of 
PS and the aromatic signals of PtBOS. Although the theoretical reactivity ratios of 
the free radical copolymerization are not known, the nature of the random 
copolymerization is reflected by the fact that the monomer weight ratio in the 
copolymer is almost the same as the monomer feed ratio (Table 3.5) and the fact 
that for each copolymer, a well-defined glass transition was found. 
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Table 3.5. St weight% in the monomer feed vs. St weight% in the copolymer. 
Entry 

 
St weight% in 
monomer feed 

St weight% in 
copolymer 

1 18 16 
2 25 24 
3 30 29 
4 33 33 
5 41 41 
6 49 50 
7 58 58 
8 66 66 
9 80 83 

 
All random copolymers of St and tBOS showed a Tg  around 105 °C and they were 

blended with a PS sample with a Tg of 92 °C ( wM = 7025 g/mol). The DSC scans 

of these blends are shown in Figure 3.6. 
 

 
Figure 3.6. Reversible heat flow curves for blends of PS ( molgM w /7025= ) with 

different P(Sx-co-tBOS1-x) random copolymers. 
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Figure 3.7. Non-reversible heat flow curves for different PS / P(Sx-co-tBOS1-x) blends after 
physical aging at 90 °C. 

 
Once again, the difference in Tg is so small, that the nature (single or double) of 
glass transitions cannot be resolved. Especially the curves for the 18 % and 25 % St 
in the copolymer show exceptionally broad glass transitions, which suggest the 
presence of two superimposed Tgs, which cannot be resolved. Thus, the blends 
were physically aged at 90 °C for at least 4 days to clarify whether the blend was 
mixed (one enthalpy recovery peak) or demixed (two enthalpy recovery peaks). In 
Figure 3.7, the subsequent DSC recovery scans of a number of blends are shown. 
 
From the aged blends, we may conclude that copolymers with fractions St of 33 % 
and above are miscible (one enthalpy recovery peak) with the polystyrene sample 
of 

wM = 7025 g/mol. Furthermore, demixing occurs at St fractions of 30 % and 

below (two enthalpy recovery peaks). Therefore, one can calculate that the 
following inequality is valid: 
 

034.0031.0 , << tBOSSχ        (3.8) 
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3.3.3. 4-vinylpyridine and tert-butyl methacrylate 
 
The synthesis of these random copolymers is not possible in toluene, since they 
precipitate out of solution during polymerization. Therefore, they were synthesized 
in DMF.  

The monomer fractions were calculated from TGA measurements. The tert-
butyl group of the polymer degrades easily and is very distinctly observable using 
TGA. When the tert-butyl group degrades, isobutylene (mass = 56.11 g/mol) is 
emitted as a gas. Subsequently, at temperatures above 200 °C, the remaining acid 
groups react to form anhydrides, resulting in an additional weight loss of 18 g/mol 
per two acid groups due to the emittance of water.22 The total mass loss per original 
tBMA moiety is therefore 65.12 g/mol. From TGA therefore, the percentage tBMA 
in the copolymer may be calculated. An example is given for entry 4 in Table 3.6. 
 

 
Figure 3.8. TGA analysis of entry 4 in Table 3.6 showing the weight loss of isobutylene 

between 200 °C and 290 °C (black curve) and the derivative of the weight loss curve 
justifying the choice for the temperature borders. 

 
From the TGA curve it is determined that the weight loss due to aforementioned 
degradations is 13.1 %. When abstracting the weight loss before 200 °C, due to 
residual solvent, the weight loss of the polymer is 13.2 %. If the polymer was pure 
PtBMA, the weight loss due to above mentioned reactions would be 45.8 %. 
Therefore, the weight fraction of tBMA is equal to 13.2/45.8 % = 0.288. 
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The random copolymerization characteristics are given in Table 3.6. 
 

Table 3.6. Characteristics of the P(4VP-co-tBMA) random copolymers. 

Entry 
 

Fraction 4VPa 
(weight%) 

wM b 

(kg/mol) 
PDIb 

 
Tg 

(°C) 
P4VP 100 50.0 NA 152 

1 93 54.3 1.58 145 
2 85 59.9 1.69 139 
3 82 52.6 1.66 139 
4 71 47.6 1.66 131 
5 66 45.8 1.60 126 
6 61 43.3 1.61 129 
7 54 41.9 1.60 124 

PtBMA 0 84.3 NA 121 
a) Determined from TGA. 

b) Determined by GPC in DMF, calibrated against PS. 
 
The conversions were somewhat higher than the previous two studies (around 20 
%) and some composition drift was found. This can be seen in Table 3.7. 
 

Table 3.7. 4VP weight% in the monomer feed vs. 4VP weight% in the copolymer. 
Entry 

 
4VP weight% in 
monomer feed 

4VP weight% in 
copolymer 

1 93 93 
2 85 85 
3 77 82 
4 69 71 
5 61 66 
6 53 61 
7 40 54 

 
There is some inconsistency between these values at lower 4VP fractions; 4VP is 
being built in slightly more than tBMA. However, since sharp glass transitions 
were found for each copolymer, the copolymers are suitable for our analysis. They 

were blended with a P4VP sample with wM = 60.3 kg/mol. A series of subsequent 

DSC scans are shown in Figure 3.9. 
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Figure 3.9. Reversible heat flow curves for blends of P4VP ( wM = 60.3 kg/mol) with 

different P(4VP-co-tBMA) random copolymers. 
 
While it is clear that the upper 3 curves reveal two Tgs, it is not quite clear for the 
rest of the blends how many phases are present. Again, the glass transition 
temperatures lie too close to be individually resolved. Once more, physical aging is 
applied to clarify this matter. The blend samples were aged at 130 °C for 48 days. 
The subsequent DSC recovery scans of four relevant polymer blends are shown in 
Figure 3.10. 

From the aged curves it can be seen that copolymers with fractions 4VP of 82 % 
and above are miscible (one enthalpy recovery peak) with the P4VP sample. A 
phase separated system is found at 4VP fractions of 71 % and below (two enthalpy 
recovery peaks). This means that the interaction parameter is calculated to satisfy: 
 

11.005.0 ,4 << tBMAVPχ         (3.9) 

 
 
 



 
 
 
 
 
 
 
 
The Determination of Four Flory-Huggins Interaction Parameters                         67 

 

 
 

Figure 3.10. Non-reversible heat flow curves for different P4VP / P(4VPx-co-tBMA1-x) 
blends after physical aging at 130 °C. 

3.3.4. 4-vinylpyridine and tert-butoxystyrene 
 
The synthesis of random copolymers of 4VP and tBOS with 4VP fractions beneath 
0.3 were carried out in toluene. Above 30 % 4VP, the polymerizations were carried 
out in DMF, because as was the case for the 4VP/tBMA copolymers, precipitation 
during polymerization occurred. 

The monomer fractions were calculated from the 1H-NMR spectra by 
calculating the ratio between the aromatic protons of P4VP and PtBOS. The 
characteristics of the random copolymers are listed in Table 3.8. 
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Table 3.8. Characteristics of the P(4VP-co-tBOS) random copolymers. 

Entry 
 

Fraction tBOS 
(weight%)a 

wM  

(kg/mol) 
PDIb 

 
Tg 

(°C) 
P4VP 0 50.0 NA 152 

1 17.2 114.0b 1.45 143 
2 34.6 100.1b 1.54 139 
3 56.8 85.1b 1.46 134 
4 62.6 46.6b 1.45 123 
5 77.1 70.0b 1.44 120 
6 86.7 61.1b 1.43 111 
7 91.1 61.7c 1.41 113 
8 96.2 69.7c 1.40 107 

PtBOS 100 71.9b 1.55 108 
a) Determined from 1H-NMR. 

b) Determined by GPC in DMF, calibrated against PS. 
c) Determined by GPC in THF, calibrated against PS. 

 
The conversions were kept low again (short reaction times of about half an hour in 
DMF and 3 hours in THF), to ensure that no composition drift occurred. This is 
reflected by Table 3.9, in which the monomer feed ratio is shown to correspond 
quite well to the build-in ratio of the monomers. The small inconsistencies 
probably arise from experimental errors. 
 

Table 3.9. tBOS weight% in the monomer feed vs. tBOS weight% in the copolymer. 
Entry 

 
tBOS weight% in 

monomer feed 
tBOS weight% 
in copolymer 

1 18 17 
2 35 35 
3 63 57 
4 72 63 
5 81 77 
6 91 87 
7 95 91 
8 98 96 

 
The random copolymers were blended with a poly(tert-butoxystyrene) 
homopolymer with 

wM = 71.9 kg/mol. The reversible heat flow curves of the 

blends are shown in Figure 3.11. 
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Figure 3.11. Reversible heat flow curves for different PtBOS / P(tBOSx-co-4VP1-x) blends. 
 
It is clear from these curves that random copolymers with a fraction tBOS equal to 
and below 63 % demix with the homopolymer. To judge the miscibility of the four 
blends with the highest fractions of tBOS, they were aged at 95 °C. The subsequent 
DSC recovery curves are shown in Figure 3.12. 
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Figure 3.12. Heat flow curves of selected PtBOS / P(tBOSx-co-4VP1-x) blends after 

physical aging. The lower two curves were annealed for 4 or 5 days at 95 °C, while the 
upper two curves were annealed for 4 weeks at the same temperature. 

 
Two enthalpy recovery peaks are observed for tBOS fractions in the copolymer of 
87 %, 77 % and 91 %, indicating a phase separated system. The blends with tBOS 
fractions in the copolymer of 96 % showed one recovery peak. Therefore, we must 
conclude according to (3.2) and (3.4) that: 
 

84.139.0 ,4 << tBOSVPχ        (3.10) 

 
To reduce the width of this unacceptably large window, different PtBOS 
homopolymers were synthesized with different molecular weights. These were 
subsequently blended with the random copolymer with 91 % tBOS and physically 
aged at 95 °C for three weeks to determine miscibility (Figure 3.13). 
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Figure 3.13. Heat flow curves of P(tBOS0.91-co-4VP0.09) blended with different PtBOS 

homopolymers after physical aging at 95 °C. Mw’s of the homopolymers were 71.9 kg/mol 
(a), 59.9 kg/mol (b) and 24.2 kg/mol (c). 

 
The 91% tBOS random copolymer shows miscibility (one symmetrical peak) with 
the homopolymer with Mw = 58.9 kg/mol as well as Mw = 24.2 kg/mol. A peak 
with a shoulder indicating phase separation is observed for the homopolymer with 
Mw = 71.9 kg/mol (same curve as in Figure 3.12). Hence, it follows that 
 

43.039.0 ,4 << tBOSVPχ       (3.11)
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3.4. Concluding remarks 
 
In this Chapter, using random copolymer blend miscibility studies, the Flory-
Huggins interaction parameters for four monomer pairs were determined. It was 
shown that: 
 

11.007.0 , << tBMASχ        (3.7) 

 
034.0031.0 , << tBOSSχ        (3.8) 

 
11.005.0 ,4 << tBMAVPχ        (3.9) 

 
43.039.0 ,4 << tBOSVPχ        (3.11) 

 
In addition, it was already known from previous studies that 
 

35.030.0 4, << VPSχ  

 
For the PtBMA-b-PS-b-P4VP triblock copolymers, to be discussed in the next 
Chapter, we therefore have BCACAB χχχ <≈ . This means that the polymer is in 

the F1-type frustrated regime. For this regime both frustrated as well as unfrustrated 
morphologies have been found. 
 
For the PtBOS-b-PS-b-P4VP however, ACBCAB χχχ <<  holds as well as ABχ « 

BCχ , which means that these triblock copolymers are in the non-frustrated regime 

and core-shell self-assembled morphologies are to be expected. 
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Triblock Copolymer Complexes for Charge-
Mosaic Membrane Applications 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
Using Atom transfer radical polymerization (ATRP), poly(tert-butyl methacrylate-
b-styrene-b-4-vinylpyridine) or PtBMA-b-PS-b-P4VP linear triblock copolymers 
were synthesized. Different homopolymer and diblock copolymer macroinitiators 
were used for different block copolymerizations. The self-assembly of the triblock 
copolymers as well as their hydrogen-bonded complexes with PDP is investigated 
with SAXS and TEM. The potential to use these triblock copolymers as building 
blocks for charge-mosaic membranes is discussed.  

Parts of this Chapter were published in: Gobius du Sart, G.; Rachmawati, R.; Voet, V.; 
Alberda van Ekenstein, G.; Polushkin. E.; ten Brinke, G.; Loos, K. Macromolecules 2008, 
41, 6393-6399 
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4.1. Introduction 
 
Well-defined, homogeneously dispersed nanostructures with long-range order have 
a huge potential in the field of nanotechnology. It is, therefore, no surprise that the 
number of investigations into the synthesis and morphological behavior of block 
copolymers continues to be large.1-9 Such systems either in bulk or solution 
spontaneously self-assemble into various nano-ordered structures. For diblock 
copolymers, cylindrical, lamellar, spherical and bicontinuous gyroid morphologies 
are the most commonly found microstructures, whereas for triblock copolymers 
many more structures were discovered.10,11 A careful balance between the different 
parameters involved, such as the block sequence, the block volume fractions, the 
interaction parameters, the chain architecture and even the casting solvent,12,13 
determines the morphology obtained. Several applications involve the presence of 
nanoporous structures, that can be obtained in various ways from the self-
assembled systems. Especially in the area of functional membranes, long-range 
homogeneous porosity is a requirement.14,15 
 

 
Figure 4.1. Schematic representation of a charge-mosaic membrane. 

 
A particular type of membranes is called charge-mosaic membranes. These are 

membranes which have both positively and negatively charged channels or pores 
(Figure 4.1).16 Through such channels, only charged species are allowed to pass.  



 
 
 
 
 
 
 
 
Triblock Copolymer Complexes for Charge-Mosaic Membrane Applications       77 

This property is put to use in an electrodialysis device (Figure 4.2) 
 
 
 

 

 

 

Figure 4.2. A schematic 
representation of a device 
which removes salts from 
a solution. The working 
component is a charge-
mosaic membrane, which 
is only permeable to 
charged species. 
 
 
 

 
 

The solution to be purified of its charged species (NaCl or other salts) is passed 
through a channel, which is separated from two other channels by the actual 
charge-mosaic membrane. A potential is placed on the two outer channels, which 
are filled with an acidic solution (the anode) and an alkaline solution (cathode). 
Upon applying the field, positive ions may travel through the negative channels of 
the membrane toward the cathode, while the negative ions pass through the 
positive channels into the anode chamber. Simultaneously, H+ and OH- migrate 
from the anode to the cathode and vice versa. 

Here we report on the synthesis of a class of ABC triblock copolymers of which 
the A and C block may be derivatized to obtain systems containing two different 
types of charged pores. The copolymer selected is poly(tert-butyl methacrylate)-
block-polystyrene-block-poly(4-vinylpyridine) or (PtBMA-b-PS-b-P4VP). The 
possibility to use this kind of triblock copolymers as building blocks for such 
applications rests on the following observations. Firstly, it is well known that the 
addition of low molecular weight amphiphiles, notably pentadecylphenol (PDP), 
results in a non-covalent side chain architecture of the P4VP block due to hydrogen 
bonding between the phenol and pyridine group. For suitable diblock copolymers 
the self-assembly may result in so-called hierarchical structure formation.17-20 
Besides the conventional block copolymer microphase separation, the presence of 
the hydrogen-bonded PDP introduces an additional microphase separation at a 
considerably smaller length scale. The principal advantage in relation to membrane 
applications, however, is not the presence of an additional length scale but the fact 
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that these amphiphiles can be simply washed away afterwards, thus rendering a 
nanoporous P4VP phase. After quarternization at the nitrogen atom of the pyridine 
moiety, positive charges may be obtained within these domains. Besides these 
positively charged nanopores, negatively charged ones may be constructed from 
the tBMA phase. As reported,21-23 the bulky tert-butyl ester groups can be easily 
hydrolyzed into methacrylic acid groups via reaction in the gaseous phase into 
methacrylic acid groups. This results in an additional porous phase, which in turn 
can be negatively charged by washing with a basic solution, at which point a 
polymethacrylic base is obtained. Using these relatively mild derivatization 
methods, we may thus create charge-mosaic membranes from suitably self-
assembled PtBMA-b-PS-b-P4VP(PDP) systems. A number of groups used block 
copolymers for this purpose in the past, but the procedure of derivatization of the 
block copolymers usually required rigorous methods such as (gamma-ray assisted) 
cross-linking and sulfonation.24,25 These processes do not ensure the survival of the 
polymer morphology, and may even introduce cracks, crazes, holes or other 
artifacts that greatly influence the membrane function. In our case, only gaseous 
reactions and washing procedures are required, which are not expected to destroy 
the overall structure of the block copolymer. The derivatization procedure 
proposed is illustrated in Figure 4.3. 
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Figure 4.3. Two oppositely charged blocks after derivatization of PtBMA-b-PS-b-

P4VP(PDP). 
 

 
In this Chapter the synthesis of PtBMA-b-PS-b-P4VP triblock copolymers using 

Atom Transfer Radical Polymerization (see Figure 4.4)26,27  will be discussed. 
ATRP is a relatively undemanding technique with respect to purification of the 
materials used and the polymerization procedure compared to, for example, anionic 
polymerization.28,29 Furthermore, anionic polymerization does not allow the three 
blocks to be polymerized by a straightforward, sequential addition of monomers. 



 
 
 
 
 
 
 
 
Triblock Copolymer Complexes for Charge-Mosaic Membrane Applications       79 

Next, the self-assembly of the bulk triblock copolymers as well as their 
supramolecular complexes with PDP will be investigated. 
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Figure 4.4. Synthesis route of the PtBMA-b-PS-b-P4VP triblock copolymer. 
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4.2. Experimental Section 

4.2.1. Materials 
 
Styrene (St, ACROS, 99 %), 4-vinylpyridine (4VP, Aldrich, 95 %) and tert-butyl 
methacrylate (tBMA, Aldrich, 98 %) were dried over calcium hydride, distilled 
under reduced pressure and stored under nitrogen at 6 °C. Toluene (LAB-SCAN, 
99.5 %), acetone (LAB-SCAN, 99.5 %) and dimethyl formamide (DMF, Acros, > 
99 %), were distilled and stored under nitrogen at room temperature. 
Tetrahydrofuran (THF, Acros, 99+ %) was used as received. 

CuCl (Aldrich, 97 %), CuBr (ACROS, 98 %) and N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine (PMDETA, Aldrich, 99 %) were used as received. 
Hexamethylated tris[(2-dimethylamino)ethyl]amine (Me6TREN) was synthesized 
according to literature30 and purified by multiple short path distillations. 

Methyl-2-bromopropionate (MBrP, ACROS, 99 %), para-
toluenesulfonylchloride (pTsCl, Aldrich, 97 %), α,α’-Azobisisobutyronitril (AIBN, 
Fluka, ≥ 98 %) and hydroquinone (Merck, > 99 %) were used as received. 
Aluminum oxide 90 active basic and silicagel (239-400 mesh) were obtained from 
Merck and used without purification. DOWEX® MARATHON® MSC (H) ion 
exchange resin (Aldrich) was used for copper removal from the triblock 
copolymers. All polymerizations were performed under an atmosphere of dry 
nitrogen. 

4.2.2. Characterization 
 
Gel Permeation Chromatography (GPC) measurements were performed in DMF 
with 0.01 M LiBr at 70 °C (1 mL/min) on a Waters 600 Powerline system, 
equipped with 2 columns (PL-gel 5 µ,  30 cm mixed-C, Polymer Laboratories) and 
a Waters 410 Differential Refractometer. Measurements in THF were performed at 
25 °C (1 mL/min) on a Spectra Physics AS 1000 LC-system applying universal 
calibration using a Viscotek H-502 viscometer and a Shodex RI-71 refractive index 
detector and Trisec software (Viscotek). PLGel 5 µ 30 cm mixed-C columns 
(Polymer Laboratories) were used. The polymer samples were calibrated using 
narrow disperse polystyrene standards (Polymer Laboratories).  

Bright-field Transmission Electron Microscopy (TEM) was performed on a 
JEOL-1200EX transmission electron microscope operating at an accelerating 
voltage of 100 kV. 
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Small-Angle X-Ray Scattering (SAXS) measurements were performed at the 
Dutch-Belgian Beamline (DUBBLE) at ESRF in Grenoble, France. The sample-
detector distance was about 7.3 m, while the X-ray wavelength was 1.24 Å (E = 10 
keV). The scattering vector q is defined as q = (4π/λ) sinθ, where θ is half of the 
scattering angle.31 

1H-NMR spectra in CDCl3 were recorded on a 300 MHz Varian VXR operating 
at room temperature.  

(Temperature-Modulated) Differential Scanning Calorimetry (M-DSC) was 
performed with a TA Instruments Q1000. A modulated mode with heating/cooling 
rate of 1 °C/min, an amplitude of 0.5 °C and a period of 60 s was used. TGA 
experiments were recorded with a Perkin-Elmer TGA7 using a heating rate of 10 
°C/min under a nitrogen atmosphere. 
 

4.2.3. Transmission electron microscopy samples 

 
Block copolymer films were cast from chloroform in a glass petri dish. The solvent 
was slowly evaporated and the sample was annealed for several days in chloroform 
vapor. Solvent influence was removed by annealing the sample above its glass 
transitions for at least an hour. A piece of film was then embedded in an epoxy 
resin (Epofix, Electron Microscopy Sciences) and cured overnight at 40 °C. The 
sample was subsequently microtomed to a thickness of about 70 nm using a Leica 
Ultracut UCT-ultramicrotome and a Diatome diamond knife at room temperature. 
The microtomed sections were floated on water and subsequently placed on copper 
grids. To obtain contrast during TEM, the samples were stained with iodine (3 h) 
and/or RuO4 (different times, ranging from 15 to 100 min). 

4.2.4. Homopolymerization of tBMA (I) 
 
A typical procedure to prepare a chlorine end-functionalized PtBMA is as follows. 
A dried 100 mL three-necked flask was degassed by evacuating and backfilling 
with nitrogen for three times. To this flask was added 0.455 g (4.60 mmol) CuCl 
and it was evacuated and backfilled for another three times. Now 22.5 mL (0.14 
mol) tBMA, 20 mL toluene and 0.97 mL (4.63 mmol) PMDETA were added using 
degassed syringes. The mixture was stirred for at least 20 minutes to let the 
complex form, having a cloudy green color. After the complex formation, the flask 
was put into a thermostated oil bath at 60 °C. In a 50 mL three-necked flask, 0.881 
g (4.62 mmol) pTsCl was dissolved in 10 mL toluene. This initiator solution was 
added to the 100 mL flask and the polymerization was carried out for 16 h. Next, 
the mixture was dissolved in THF and passed through a basic alumina column to 
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remove copper species. The solvents were evaporated and the polymer was 
precipitated in a 10 -fold excess of cold hexane (-60 °C to -50 °C) or in a 
water/methanol mixture. The polymer was isolated by filtration over a pore size 3 
glass filter. Finally, the polymer was dried in a vacuum oven overnight. GPC 

analysis revealed that nM = 6400 g/mol and PDI = wM / nM  = 1.08. 

Polymerizations were performed at different temperatures, for different periods 
of time. Also CuBr and CuBr2 were used, together with MBrP as initiator, to obtain 
bromine end-functionalized PtBMA. With these homopolymers, the use of halogen 
exchange is possible32 for the next block copolymerization. 
 

4.2.5. Diblock copolymerization (II) 
 
A typical example for a PtBMA-b-PS diblock copolymerization is as follows. A 
dried 50 mL three-necked flask was degassed by evacuating and backfilling with 

nitrogen for three times. To this flask was added 1.26 g ( nM =6400, 1.97.10-4mol) 

chlorine-terminated PtBMA (I) and 17.3 mg (1.75.10-4 mol) CuCl and it was 
evacuated and backfilled for another three times. Now 38 µL (1.88.10-4 mol) 
PMDETA and 2.8 mL (24.4 mmol) St were added using degassed syringes. The 
mixture was stirred for 5 minutes to let the complex form, having a light green 
color. After the complex formation, the flask was put into a thermostated oil bath at 
100 °C. The polymerization was carried out for 190 min. Next, the mixture was 
dissolved in THF and passed through a silica column to remove copper species. 
The solvent was evaporated and the polymer was precipitated in a 10-fold excess 
of methanol. The polymer was isolated by filtration over a pore size 3 glass filter. 
Finally, the polymer was dried in a vacuum oven overnight. GPC analysis revealed 

that nM = 14200 g/mol and PDI = 1.20. 

The polymerizations were performed at different temperatures, for different 
periods of time and with or without solvent. 
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4.2.6. Triblock copolymerization (III) 
 
A typical example for a PtBMA-b-PS-b-P4VP triblock copolymerization is as 
follows. A dried 50 mL three-necked flask was degassed by evacuating and 
backfilling with nitrogen for three times. To this flask was added 0.399 g 

( nM =14200 g/mol, 2.81.10-5 mol) chlorine-terminated PtBMA-b-PS (II) and 3.0 

mg (3.0.10-5 mol) CuCl and it was evacuated and backfilled for another three times. 
Then 0.5 mL 4-vinylpyridine (4.68 mmol), 7.0 µL (2.9.10-5 mol) Me6TREN33 and 4 
mL DMF were added using degassed syringes. The mixture was stirred for 5 
minutes to let the complex form, having a green color. After the complex 
formation, the flask was put into a thermostated oil bath at 80 °C. The 
polymerization was carried out for 330 min. Next, the mixture was dissolved in 
chloroform and passed through a silica column to remove copper species. The 
solvents were evaporated and the polymer was precipitated in a 10-fold excess of 
cold hexane (0 °C). The polymer was isolated by filtration over a pore size 3 glass 
filter. 

Finally, the polymer was dried in a vacuum oven overnight. GPC analysis 

revealed that nM = 19300 g/mol and PDI = 1.18. The copper content was reduced 

by dissolving the polymer in chloroform and stirring in chloroform overnight with 
an ion-exchange resin and re-precipitation in cold hexane. After this, the triblock 
copolymer has a copper content of about 30 ppm as opposed to 330 ppm before 
purification, as shown by elemental analysis (Figure 4.5). 

 

       
a) b) 

Figure 4.5. A triblock copolymer a) before and b) after reducing 
the copper content with the use of an ion-exchange resin. 
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4.3. Determination of molecular weights 
 
The molecular weight data presented are obtained using both GPC and TGA 
measurements. It is known that molecular weight determinations using GPC are 
rarely correct for block copolymers. This is of course due to the fact that GPC is 
based on the difference in elution times versus the hydrodynamic radius of the 
polymer; it is well known that block copolymers behave differently in solution than 
monodisperse linear homopolymers. For the PtBMA homopolymers the molecular 
weights could be determined directly using GPC and universal calibration versus 
narrow disperse polystyrene. For the di- and triblock copolymers it was evident 
that the molecular weights could not be estimated using GPC. Especially for the 
triblock copolymers, the data obtained from GPC in DMF against narrow disperse 
polystyrene standards gave an overestimation of the actual molecular weight values 
by at least a factor 2. Calibration against PMMA standards resulted in a decreased 
molecular weight for the triblock copolymers as compared to the diblock 
precursors, which of course is nonsense. Therefore we used TGA to determine the 
block lengths of the PS and P4VP blocks. The tert-butyl group is easily removed 
by heating, thereby emitting isobutylene.23 One can easily calculate that the weight 
loss due to the emittance of isobutylene and anhydride formation for pure PtBMA 
is 45.8 %. Therefore, when determining the weight loss due to isobutylene in a 
block copolymer, the fraction of PtBMA can be calculated and since the Mn of the 
precursor is known, the total molecular weight may be calculated. One may view 
an example of such a calculation in Chapter 3.3.3. 
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4.4. Results and Discussion 
 
First the synthesis results of the PtBMA-b-PS-b-P4VP triblock copolymers are 
presented following the synthesis route presented in Scheme 2.  
 

4.4.1. Homopoly(tert-butyl methacrylate) (I) 
 
Different PtBMA homopolymers were synthesized with molecular weights in the 
range of 4.4 kg/mol to 33.4 kg/mol. Table 1 lists a number of representative 
examples. It is clear that the pTsCl/CuCl/PMDETA system results in well-defined 
polymers with low polydispersities.34 When applying a MBrP/CuBr/PMDETA 
system in toluene/acetone with a small amount of Cu[II] to accelerate deactivation 
a good control over the polymerization was obtained as well. Using a more polar 
solvent, in this case adding acetone, has a positive effect on the control of the 
polymerization as was already shown by Krishnan et al.

35 The molecular weights 
obtained are significantly higher than may be expected on the basis of the yield and 
[M]/[I]. This can be explained by the fact that the initiator efficiency in the case of 
tosyl chloride and PMDETA is never 100 %, as was shown by Gurr.36 For the most 
widely used procedure (toluene, CuCl, PMDETA, pTsCl, 90 °C) linear growth in 
time was observed as shown in Figure 4.6. 
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Figure 4.6. The ATRP of tBMA at 90 °C showed linear behavior in time as well as low 

polydispersities. 
 
A number of representative polymerizations are listed in Table 4.1. on the next 
page. 
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PDI 

 

1.08 

1.09 

1.09 

1.04 

1.04 

1.08 

Mn 

(kg/mol)a 

12.5 

13.4 

13.6 

9.1 

8.7 

6.4 

Yield 
(%) 

50 

73 

72 

68 

72 

59 

Time 
(min) 

360 

360 

310 

960 

300 

960 

T 
(°C) 

90 

90 

60 

60 

90 

60 

Solvent 
(%) 

50 (toluene) 

50 (toluene) 

14 (acetone)/ 
43 (toluene) 

50 (toluene) 

50 (toluene) 

50 (toluene) 

[M]/[I] 
 

45 

60 

37 

31 

60 

46 

Catalyst 
 

CuCl 

CuCl 

CuBr and 
CuBr2

b 

CuCl 

CuCl 

CuCl 

Initiator 
 

pTsCl 

pTsCl 

MBrP 

pTsCl 

pTsCl 

pTsCl 

Table 4.1. ATRP of tBMA with PMDETA as the ligand and [I]:[CuX]:[L] = 1:1:1. 

Entry 
 

1 

2 

3 

4 

5 

6 

aMeasured by GPC, calibrated against PS standards. b[CuBr]:[CuBr2] = 20:1. 
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4.4.2. Diblock copolymers (II) 
 
Using PtBMA macroinitiators, diblock copolymers of PtBMA-b-PS were 
synthesized. Table 4.2 on the next page shows that these block copolymers are well 
defined (PDI ≅  1.2) and can be synthesized in a range of molecular weights, 
although above total molecular weights of some 30 kg/mol there is an increase 
(PDI ≅  1.35). Several different ratios of [I]:[CuCl]:[PMDETA] were tried, but in 
general, a ratio of 1:1:1 is the most effective. In all cases, a certain amount of 
PtBMA was not chain extended, while in theory, methacrylates should be able to 
initiate the polymerization of styrene.27 This problem in theory may be overcome 
by using the halogen exchange technique, as the use of a bromine end-capped 
homopolymer would ensure faster and thus more effective initiation. However, 
experiments with bromine end-capped PtBMA showed no improvement. The 
percentage of un-extended homopolymer after a certain period of time at the same 
temperature was comparable to the percentage without the use of the halogen 
exchange technique. 

This may be explained by either slow consumption of the macroinitiator, which 
was shown before for the polymerization of styrene with a methacrylate 
macroinitiator,37 or the presence of homopolymer chains without a halide end 
group. To test this, the residual homopolymer left from a diblock copolymerization 
was worked up, purified by precipitation and re-used for another diblock 
copolymerization. This did not result in any polymerization, corroborating the fact 
that these chains apparently did not have a halide end group. MALDI-ToF mass 
spectroscopy was tried to assign the end groups of the homopolymers, but no 
suitable matrix or ionization system could be obtained. Gurr et al.

36 concluded that 
side reactions between initiator and ligand  as well as between the halogen on the 
polymer and the ligand occur, resulting in a number of dead chains. This most 
likely also occurs in our experiments. 

Luckily, any residual homopoly(tBMA) was easily washed away by 
precipitation in methanol, so that there was no problem for the next polymerization 
step. This can also be seen in Figure 4.7, which clearly shows that there is no 
homopolymer left in the diblock copolymer after precipitation.  

Typical results for the diblock copolymerization are given in Table 4.2 on the 
next page. 
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PDIb 

 

1.15 

1.13 

1.14 

1.11 

1.37 

1.27 

1.37 

1.38 

 

Mn 

(kg/mol)a 

17.1 

24.7 

18.4 

15.3 

31.1 

22.0 

33.1 

25.6 

PS 
 

0.22 

0.31 

0.33 

0.40 

0.53 

0.56 

0.56 

0.59 

Fractions 

PtBMA 
 

0.77 

0.69 

0.67 

0.60 

0.47 

0.44 

0.44 

0.41 

 

Yield 
(%) 

19 

14 

20 

11 

44 

39 

40 

35 

 

Time 
(min) 

420 

300 

360 

250 

250 

250 

300 

240 
 

T 
(°C) 

80 

100 

60 

100 

100 

100 

100 

100 

 

Solvent 
(%) 

50 

50 

50 

33 

35 

33 

50 

50 

 

[M]/[I] 
 

256 

164 

253 

198 

269 

187 

282 

305 

Table 4.2. ATRP of  PtBMA-b-PS initiated with different PtBMA macroinitiators 
and [I]:[CuCl]:[PMDETA] = 1:1:1. 

 

Entry 
 

1 

2 

3 

4 

5 

6 

7 

8 

aMeasured by TGA, based on the molecular weight of the PtBMA precursor. 
bMeasured by GPC. 
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4.4.3. Triblock copolymers (III) 
 
With the use of the synthesized diblock copolymers as macroinitiators, triblock 
copolymers of PtBMA-b-PS-b-P4VP were synthesized using a CuCl/Me6TREN 
catalyst system.  Selected results are shown in Table 4.3 on the next page. In Figure 
4.7, a representative GPC diagram for the successive polymerizations of a triblock 
copolymer is shown. 

It is clear that monomodal, narrow distributions are obtained for the three 
polymerizations only for low fractions of P4VP. For high fractions of P4VP, the 
polydispersity increases, most probably due to solvability problems such as 
micellization during polymerization and interactions with the GPC column. This is 
a known phenomenon for amphiphilic triblock copolymers.38 
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Figure 4.7. GPC traces of PtBMA-b-PS-b-P4VP (solid line) and its precursors PtBMA 

(dotted line) and PtBMA-b-PS (dashed line); nM =18400, PDI = 1.19. 
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PDIb 

 

1.51 

1.38 

1.41 

1.44 

1.44 

1.54 

1.22 

1.70 

Mn 

(kg/mol)a 

34.9 

37.8 

28.4 

26.6 

30.9 

32.2 

27.0 

48.7 

P4VP 
 

0.11 

0.12 

0.14 

0.17 

0.20 

0.23 

0.27 

0.36 

Fractions 

PS 
 

0.47 

0.49 

0.42 

0.46 

0.33 

0.31 

0.24 

0.34 

 

PtBMA 
 

0.42 

0.39 

0.44 

0.37 

0.48 

0.46 

0.49 

0.30 

 

Yield 
(%) 

18.6 

16.1 

21.9 

15.9 

24.1 

27.9 

6.0 

20.4 

 

Time 
(min) 

300 

300 

1020 

180 

180 

300 

310 

300 
 

T 
(°C) 

80 

80 

60 

80 

80 

80 

80 

80 

 

Solvent 
(%) 

89 

89 

94 

71 

89 

89 

89 

80 

 

[M]/[I] 
 

1184 

745 

401 

553 

618 

618 

493 

1224 

 

[I]:[CuCl]:[L] 
 

1:10:10 

1:11:2 

1:13:13 

1:28:3 

1:3:3 

1:3:3 

1:2:2 

1:3:3 

Table 4.3. ATRP of  PtBMA-b-PS-b-P4VP initiated with different PtBMA-b-PS macroinitiators in DMF, using 
Me6TREN as the ligand. 

 

Entry 
 

1 

2 

3 

4 

5 

6 

7 

8 

aMeasured by TGA, based on the molecular weight of the PtBMA-b-PS precursor. bMeasured by GPC. 
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The proton NMR spectra of the triblock copolymers clearly show the presence of 
all three blocks, including the initiator fragments. Because the intensity of the 
initiator fragments is very low, the determination of the degree of polymerization 
would be unreliable, at best. 
 

 
Figure 4.8. Typical triblock copolymer 300MHz 1H-NMR spectrum in CDCl3. 
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4.4.4. Self-assembly of the triblock copolymers and 
their complexes with PDP 
 
The self-assembly of these systems is of principal interest. First and foremost, the 
three blocks must be phase separated. So let us have a look at the thermodynamics 
involved. It has been reported that the interaction between PtBMA and PS is only 
very slightly unfavorable. Using neutron reflectivity data to determine the 
interfacial width between these homopolymers a value of 025.0, ≅StBMAχ  was 

reported.39 The same value was also found from the solubility parameter approach 
using estimated values of the solubility parameters.40 Such a small value would 
require a relatively large molar mass for the PS and PtBMA blocks 
( )/20 molkgM >>  to obtain a segregated state. Since these values are based on 
several assumptions that are difficult to verify, we decided to conduct the random 
copolymer blend miscibility studies for PtBMA and PS as discussed in Chapter 3. 
The results presented there show that the actual unfavorable interaction is 
considerably larger of the order of 1.008.0, −≅StBMAχ  Hence, block molecular 

weights around molkg /10  should suffice to obtain microphase separation between 
St and tBMA in the case of block copolymers. The interaction parameter between 
PS and P4VP was determined before in our group to satisfy 

35.030.0 4, << VPSχ .41 This is quite a large value, so it is expected that the 

molecular weights are large enough to obtain phase separation between P4VP and 
PS. 

The value of the interaction parameter between PtBMA and P4VP was 
determined in Chapter 3 to satisfy 11.005.0 ,4 << tBMAVPχ . The fact that this value 

is considerably lower than the value for 
VPS 4,χ  implies that the system may very 

well lower its free energy by creating A/C interfaces. This would then result in a 
frustrated morphology. 

Based on the interaction parameter values, we expect microphase separation to 
occur between the PtBMA-, PS- and P4VP-blocks for the PtBMA-b-PS-b-P4VP 
triblock copolymer systems synthesized. To verify this, the self-assembly of one 
particular triblock copolymer system, with a total molecular weight of 27400 g/mol 
and a block weight ratio PtBMA : PS : P4VP = 0.42 : 0.30 : 0.28, was investigated 
with SAXS, TEM and thermal analysis. 
Figure 4.9 presents the SAXS data showing scattering at peak ratios of 7:4:1 , 
indicative for a hexagonally ordered cylindrical structure. The absence of the 

*3 q  scattering peak is presumably due to the form factor scattering. 
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Because the electron density difference between PS and PtBMA is very small,39 
SAXS merely reveals the contrast between P4VP and the rest of the system. Hence, 
we may conclude that P4VP is present in the form of hexagonally ordered 
cylinders. From the value of the first order peak q* = 0.20 nm-1

, the characteristic 
(10) distance is calculated to be 31.4 nm. 
 

 
Figure 4.9. SAXS intensity profile for a PtBMA-b-PS-b-P4VP triblock copolymer 

( molgM n /27400= , ftBMA = 0.42, fSt = 0.30, f4VP = 0.28). 

 
Figure 4.10 shows the TEM results for this triblock copolymer stained with iodine 
and RuO4 respectively. After I2 staining the P4VP phase appears dark and the 
hexagonally ordered P4VP cylinders can be easily recognized (Figure 4.10a). The 
distance (10) between the cylinder planes satisfies nm223 ± which is considerably 
smaller than the value found from SAXS. This is most likely due to the fact that the 
PtBMA matrix shrinks very fast under the electron beam in the vacuum of the 
electron microscope. Figure 4.10b shows the TEM image for the RuO4 stained 
system. Due to this staining agent, the PS and P4VP phases are expected to appear 
dark. The Figure indicates a possible hexagonally ordered P4VP-PS core-shell 
cylindrical structure within a PtBMA matrix, i.e. a so-called coaxial cylinder 
phase.43 This alone is not proof enough, since it is known that ruthenium tetroxide 
can stain interfaces preferentially (Chapter 2.2.2.3.). In particular, we note that the 
average cylinder diameter increases from nmnm 217 ±  in the iodine stained 
sample to nmnm 220 ±  in the RuO4-stained sample. 
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   (a)              (b) 

 
Figure 4.10. Bright-Field TEM images of PtBMA-b-PS-b-P4VP triblock copolymer 

( molgM n /27400= , ftBMA = 0.42, fSt = 0.30, f4VP = 0.28) stained with I2 (a) and RuO4 (b). 

 
To further support the presence of three microphases a thermal analysis study of 

this PtBMA-b-PS-b-P4VP triblock copolymer system was performed. Figure 4.11 
shows a characteristic DSC scan, showing what appears to be two Tg’s, one at ca. 
110 °C and one at 150 °C. The latter corresponds to the P4VP phase, whereas the 
former may be due to both PS (Tg ≅ 100 °C) and PtBMA (Tg ≅ 120 °C). To 
demonstrate that this peak really corresponds to two non-resolved Tg’s rather than 
to a single mix Tg, we thermally annealed the system at 90 °C for 32 days. The 
physical aging that has occurred is subsequently recovered during a DSC scan in 
the form of an enthalpy relaxation peak. As Figure 4.11 demonstrates, two enthalpy 
recovery peaks are indeed observed, a clear signal for the presence of two phase 
separated phases.41,44,45 
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Figure 4.11.  DSC scan of PtBMA-b-PS-b-P4VP triblock copolymer 

( molgM n /27400= , ftBMA = 0.42, fSt = 0.30, f4VP = 0.28). The inset shows two enthalpy 

recovery peaks after annealing for 32 days at 90 °C. 

 
Several other triblock copolymers with higher total molecular weights have also 
been investigated with TEM and SAXS. Since higher molecular weights promote 
microphase separation, less unambiguous micrographs were expected. However, 
the opposite was found, most likely due to the higher polydispersity of these 
samples. One particular polydisperse triblock copolymer (entry 8 in Table 4.3, PDI 
= 1.70) showed a randomly ordered spherical nature (Figure 4.12). DSC analysis 
provided similar results as shown in Figure 4.11. 
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 (a)                   (b) 

Figure 4.12. Bright-Field TEM micrographs of entry 8 in Table 4.3. molkgM n /7.48= , 

ftBMA = 0.30, fSt = 0.34, f4VP = 0.36, stained with iodine (a) and ruthenium tetroxide (b). 
 
From the ruthenium-stained micrograph one can see that there is some PtBMA 
phase separation from the rest of the system (PtBMA is not stained by RuO4 and 
thus appears white), but no regular microphases can be recognized.  

After the addition of a slightly less than nominal amount of PDP (0.9 PDP 
molecules per 4VP unit) to this triblock copolymer, the weight fractions become 
ftBMA = 0.15, fSt = 0.18, f4VP = 0.67. The sample seems to adopt some lamellar self-
assembly (Figure 4.13), although it does not show any long-range order. 
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(a)              (b) 

Figure 4.13. Bright-Field TEM micrographs of the triblock copolymer complex with ftBMA 
= 0.15, fSt = 0.18, f4VP = 0.67, stained with iodine (a) and ruthenium tetroxide (b). 

 
Although it is clear from the iodine-stained pictures that the P4VP phase separates 
from the rest of the system into lamellae, it is not possible to address the behavior 
of the other two blocks. 
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4.5. Concluding Remarks 
 
Summarizing, the synthesis of PtBMA-b-PS-b-P4VP triblock copolymers using 
ATRP was performed successfully. With a variety of experimental variables the 
three successive polymerizations were investigated and for every polymerization, 
suitable procedures were established. This resulted in a series of low polydispersity 
triblock copolymers (PDI 2.1≅ ) with molecular weights up to about 30 kg/mol. 
Molecular weights exceeding 10 kg/mol per block, resulted in higher 
polydispersities up to 1.7. The values of the interaction parameters for this system 
as reported in the previous Chapter indicate that for the PtBMA-b-PS-b-P4VP 
triblock copolymers synthesized microphase separation between all three blocks is 
indeed possible. However, the system will be at best in the weak to intermediate 
segregation regime. As a consequence, the actual self-assembled states were hard 
to determine and a number of uncertainties remained. 

Most importantly, the staining procedure for obtaining contrast in TEM did not 
unambiguously show three phases. For the more polydisperse samples, long-range 
order of the morphologies was not observed. The block copolymer complexes with 
PDP suffered from the same complications and therefore membrane construction is 
not very promising. 

To circumvent these problems, we turned our attention to another, closely 
related triblock copolymer system, which can be synthesized with higher molecular 
weights and lower polydispersities through anionic polymerization. This will be the 
topic of the next Chapter. 
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Poly(tert-butoxystyrene)-b-poly(styrene)-b-
poly(4-vinylpyridine) Supramolecular 
Complexes I: Morphological Studies 

 
 
 
 
 

 

 

 

Abstract 

Poly(tert-butoxystyrene)-b-polystyrene-b-poly(4-vinylpyridine) linear triblock 
copolymers were synthesized via sequential anionic polymerization. The self-
assembly of the bulk triblock copolymers and their complexes with stoichiometric 
amounts of a low molecular weight amphiphile, pentadecylphenol, was 
investigated using Transmission Electron Microscopy (TEM) and Small-Angle X-
Ray Scattering (SAXS). The triblock copolymers adopt self-assembled 
morphologies in which the St/P4VP interface is minimized at the cost of creating a 
larger PtBOS/St interface, which is expected considering the values of the χ- 
parameters involved. It was shown that the morphologies change significantly upon 
addition of nominal amounts of PDP, which is due to the increased weight fraction 
of the hydrogen bonded P4VP block, the lowering of the interfacial tension 
between PS and P4VP and the nature of the comb block. 
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5.1. Introduction 
 
In the field of nanotechnology, many possible applications are foreseen due to the 
unique properties of nanoscale objects. An important tool in this field is the self-
assembly of block copolymers, which is therefore an intensively researched topic 
in polymer science nowadays. For simple diblock copolymers, a variety of 
morphologies has been found,1 and this number has dramatically increased with the 
investigations of tri-2-8 and multiblock copolymers9,10 as well as star-type 
topologies.11-17 Of course, an important issue is whether these morphologies will 
actually lead to interesting applications. One promising feature of ABC linear 
triblock copolymer self-assembly is the possibility to separate A- and C- phases 
with a B phase, where the latter may be in the form of either the matrix (or shell) 
for cylindrical, spherical or bicontinuous morphologies or as lamellae in the case of 
triple-lamellar systems. Our research was partially motivated with nanoporous 
charge-mosaic membranes in mind. Since this requires the separation of positive 
and negative charges by an uncharged phase, triblock copolymers seem an obvious 
choice. To investigate new systems in which two phases are separated from each 
other by a third phase, we synthesized novel linear ABC triblock copolymers, 
notably poly(4-tert-butoxystyrene)-b-poly(styrene)-b-poly(4-vinylpyridine) or 
PtBOS-b-PS-b-P4VP (see Figure 5.1). 
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Figure 5.1. The triblock copolymer of interest. 
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The triblock copolymers are synthesized via a three-step sequential anionic 
polymerization (Figure 5.2). 
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Figure 5.2. Synthesis route of the PtBOS-b-PS-b-P4VP triblock copolymers. 
 
In these triblock copolymers, all phases have interesting properties, which may 
prove useful for many different applications. Firstly, as was investigated 
thoroughly in our group,18-20 the poly(4-vinylpyridine) (P4VP) phase allows the 
complexation of low molecular weight amphiphiles such as pentadecylphenol 
(PDP) through hydrogen bonding, which results in so-called hierarchical structure 
formation. This in short means that within the hydrogen bonded side-chain 
P4VP(PDP) domains further microphase separation will occur between the alkyl 
tails of the amphiphiles and the rest of the comb block. Of course, the addition of 
these amphiphiles will dramatically change both the interactions associated with 
the P4VP phase as well as increase its weight fraction. Therefore, it is of direct 
interest to investigate the differences in self-assembly between the bulk triblock 
copolymer and its supramolecular complexes with PDP (Figure 5.3). In relation to 
membrane applications,21 the most interesting property is the possibility to wash 
away these amphiphiles after the structure formation has taken place, which will 
then create a nanoporous structure. This phase may subsequently be positively 
charged by quarternization at the nitrogen atom, which could be of interest for ion 
separation from fluids. 
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Figure 5.3. Schematic illustration of the formation of triblock 

copolymer supramolecular complexes. 
 
It was shown before that the tert-butyl group of PtBOS can be removed in solution, 
thus creating a poly(hydroxystyrene) macromolecule.22 Although it is known that 
this removal is more difficult than the removal of a tert-butyl methacrylate group, it 
may be possible to remove the tert-butyl group in thin films. This would then give 
another porous phase. If this is achieved, a membrane with two different types of 
pores and pore sizes may be created from the original triblock copolymers. We 
would also like to note that when the tert-butyl group is removed, a triblock 
copolymer is obtained with both hydrogen bond donating (phenol) groups as well 
as hydrogen bond accepting (pyridine) groups. This should result in dramatic 
changes in the equilibrium copolymer morphology, since now the A and C blocks 
will have favorable interactions due to the hydrogen bonds that may be formed.23,24 
Also, these amphiphilic macromolecules are expected to have interesting solution 
properties,25,26 although this is outside the scope of the present research. Last but 
not least, the PS phase is not easily derivatized by aforementioned types of 
reactions, let alone degraded. Therefore, it will serve as a stable separating phase 
for the other block domains. 

To rationalize the observed self-assembly of these systems, additional 
investigations into the values of the pertinent interaction parameters were 
conducted. From previous miscibility studies on blends of PS with P(S-co-4VP) 
random copolymers27 it was concluded that 35.030.0 4, ≤<

VPS
χ . As reported in 

Chapter 3, the other two interaction parameters, tBOSS ,χ  and tBOSVP ,4χ  were 

determined by similar blend studies and found to satisfy 034.0031.0 , << tBOSSχ  

and 43.039.0 ,4 << tBOSVPχ . This implies that the self-assembly in these triblock 



 
 
 
 
 
 
 
 
Supramolecular Complexes I: Morphological Studies                                          105 

copolymers is expected not to show any frustrated morphologies. Moreover, since 

ABχ « BCχ , core-shell self-assembled states are to be expected. 

The results of our research show that the triblock copolymer morphology is 
greatly affected by adding PDP. For the pure triblock copolymer VPStBOSS 4,, χχ <<  

holds. After addition of PDP the interaction involves PS and P4VP(PDP). From 
previous studies28 it is known that the presence of the PDP side chains reduces the 
interaction considerably. Together with the fact that the weight fraction of the 
P4VP phase increases significantly on addition of PDP, its presence will obviously 
strongly affect the final morphology. In particular self-assembled states with an 
increased interface between PS and P4VP(PDP), compared to PS and P4VP, are to 
be expected. 



 
 
 
 
 
 
 
 
106                                                                                                           Chapter Five 

5.2. Experimental section 

5.2.1. Materials 
 
sec-Butyllithium (sBuLi, Aldrich, 1.4 M in cyclohexane) was used without further 
purification. Styrene (St, 99 %, Acros) was stirred for 24 h under nitrogen 
atmosphere over CaH2. It was then condensed at room temperature (10-6 mbar) into 
a flask containing dibutylmagnesium. After stirring overnight, it was condensed a 
second time into a storage ampule, which was kept at 6 °C under nitrogen 
atmosphere. 4-Vinylpyridine (4VP, Aldrich, 95 %) was dried under nitrogen 
atmosphere over calcium hydride for 48 h and condensed into a flask containing 
freshly cut sodium. After stirring overnight at room temperature, it was condensed 
into an ampule and stored under nitrogen at -18 °C. 4-tert-Butoxystyrene (tBOS, 
Aldrich, 99 %) was distilled twice from CaH2 and stored at 6 °C. Tetrahydrofuran 
(THF, Acros, 99 +%) was first distilled over a potassium/sodium alloy and then 
condensed and subjected to three freeze-thaw cycles. It was reacted with t-
butyllithium for 15 min at -78 °C during which a yellow color indicated that the 
solvent was suitable for anionic polymerization. Finally the solvent was condensed 
into the polymerization flask. LiCl (Aldrich, 99.99+ %) was dried overnight in 

vacuo at 130 °C. Chloroform (p.a., LAB-SCAN) was used as received. 3-
Pentadecylphenol (PDP, 98 %, Aldrich) was recrystallized twice from petroleum 
ether. Methanol was degassed by bubbling dry nitrogen through it for one hour at 
room temperature. 
 

5.2.2. Characterization 
 
Gel permeation chromatography (GPC) measurements were performed in DMF 
with 0.01M LiBr at 70 °C (1 mL/min) on a Waters 600 Powerline system, 
equipped with 2 columns (PL-gel 5 µ,  30 cm mixed-C, Polymer Laboratories) and 
a Waters 410 Differential Refractometer. The GPC was calibrated using narrow 
disperse polystyrene standards (Polymer Laboratories). The molecular weights of 
the polymers were calculated based on the reaction stoichiometry and the 
determined molecular weight of the homopolymer precursor. 
Bright-field transmission electron microscopy (TEM) was performed on a JEOL-
1200EX transmission electron microscope operating at an accelerating voltage of 
100 kV. 
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1H-NMR spectra in CDCl3 were recorded on a 300 MHz Varian VXR operating at 
room temperature. Attenuated total reflection (ATR) infrared measurements were 
performed using a Golden Gate accessory with a heated diamond top-plate on a 
Bruker IFS88  spectrometer equipped with a MCT-A detector at resolution 4 cm-1. 
Small-Angle X-Ray Scattering (SAXS) measurements were performed on the 
Dutch-Belgian Beamline (DUBBLE) at ESRF in Grenoble, France. The sample-
detector distance was about 7.3 m for the block copolymer length scale and about 
1.5 m for the P4VP(PDP) length scale. The X-ray wavelength was 1.24 Å (E = 10 
keV). The scattering vector q is defined as q = (4 π/λ) sin θ, where θ is half of the 
scattering angle. 
(Temperature-Modulated) Differential Scanning Calorimetry (M-DSC) was 
performed with a TA Instruments Q1000. A modulated mode with heating/cooling 
rate of 1 °C/min, an amplitude of 0.5 °C and a period of 60 s was used. 
 

5.2.3. Anionic polymerization of PtBOS-b-PS-b-P4VP 
 
All anionic polymerizations and purification techniques were performed on a high-
vacuum line. At room temperature, 800 mL THF was condensed into a 1000 mL 
flask containing LiCl in 5 -fold excess relative to the later introduced amount of 
initiator. After three freeze-thaw cycles, a few drops of tBOS were added and the 
solution was titrated with sBuLi until the solution just turned slightly yellow. The 
solution was now cooled to -78 °C and the calculated amount of tBOS was added 
with a degassed syringe. Next, the calculated amount of sBuLi was added and the 
polymerization was allowed to proceed for 45 min. Then a 10 mL sample was 
withdrawn for GPC analysis and dispersed into degassed methanol. After this, the 
polymerization of styrene was started by adding the calculated amount to the 
reaction mixture. Again, after 45 min, a GPC sample was withdrawn and 
precipitated in methanol. Now the calculated amount of 4VP was added and the 
polymerization was allowed to proceed for another hour. The polymerization was 
stopped by the addition of 5 mL of degassed methanol. The polymers were 
precipitated in methanol (low fractions of P4VP) or cold hexane (higher fractions 
of P4VP). The molecular weights and polydispersities were determined by GPC in 
DMF. 
 

5.2.4. Triblock copolymer complexes with PDP 
 
The triblock copolymer (100 - 200 mg) was dissolved in chloroform together with 
the calculated amount of PDP. After at least 2 h of stirring at room temperature, the 
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solution was poured into a glass petri dish, which was subsequently placed into a 
chloroform atmosphere. After at least a week of solvent annealing, the dish was 
heated for at least 10 minutes in an oven of 130 °C. 

Bulk triblock copolymer films were cast by dissolving the polymer in 
chloroform and applying the procedure just mentioned (temperature annealing was 
performed at 180 °C). 

 

5.2.5. Transmission electron microscopy samples 
 
Block copolymer films were cast from chloroform in a glass petri dish. The solvent 
was slowly evaporated and the sample was annealed for several days in a saturated 
chloroform vapor. A piece of film was then embedded in an epoxy resin (Epofix, 
Electron Microscopy Sciences) and cured overnight at 40 °C. The sample was 
subsequently microtomed to a thickness of about 80 nm using a Leica Ultracut 
UCT-ultramicrotome and a Diatome diamond knife at room temperature. The 
microtomed sections were floated on water and subsequently placed on copper 
grids. To obtain contrast during TEM, the samples were stained with iodine (3 h) or 
RuO4 (different times, ranging from 15 to 100 min). 
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5.3. Results 

5.3.1. Synthesis 
 
The three-step sequential anionic polymerization showed for each polymerization 
step well-defined polymers (low PDI, monomodal and symmetric elution peaks). In 
Table 5.1, four synthesized triblock copolymers with typical molecular weights and 
fractions are listed. 
 

Table 5.1. Properties of the triblock copolymers synthesized by anionic polymerization 
 Weight fractions   

entry PtBOS PS P4VP 
nM a 

(kg/mol) PDI 
1 0.46 0.46 0.08 76.0 1.04 
2 0.29 0.56 0.15 49.7 1.07 
3 0.34 0.34 0.32 13.3 1.06 
4 0.24 0.38 0.39b 90.6 1.09 

a) Based on the reaction stoichiometry and the molecular weight of the PtBOS precursor as 
determined by GPC. 

b) Fractions do not add up to 1 because of rounding-off errors. 
 
The polymers were synthesized in a range of predictable molecular weights 
according to the ratio of monomer and initiator. Also the block fractions were equal 
to the fractions predicted by the reaction stoichiometry (this was verified with 1H-
NMR). For triblock copolymers with a very low fraction of P4VP (entry 1 in Table 
5.1), precipitation in methanol was possible, but for higher fractions cold hexane 
was used as the non-solvent for precipitation.  

In Figure 5.4 a representative GPC elution diagram is shown, which reflects the 
controlled nature of the reaction. The elution peaks are symmetrical around their 
elution volume and each peak is completely shifted towards lower elution volumes 
after each polymerization step. 
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Figure 5.4. Representative GPC elution diagrams for the three successive polymerization 

steps of PtBOS-b-PS-b-P4VP (entry 2 in Table 5.1). The dotted curve represents the 
homopoly(tBOS) precursor, the dashed curve represents the PtBOS-b-PS precursor and the 

solid curve represents the final PtBOS-b-PS-b-P4VP triblock copolymer. 
 
After the addition of stoichiometric amounts of PDP (one PDP unit per 4VP repeat 
unit), the block weight fractions are changed into the values listed in Table 5.2. 
 

Table 5.2. Properties of the hydrogen-bonded triblock copolymer(PDP)1,0 complexes. 
 Weight fractions  

entry PtBOS PS P4VP(PDP)1,0 

nM  

(kg/mol) 
1 0.37 0.37 0.25a 93.4 
2 0.16 0.50 0.33a 87.6 
3 0.17 0.17 0.65a 26.0 
4 0.11 0.18 0.71 192.0 

a) Fractions do not add up to 1 because of rounding-off errors. 
 
For this Table, all PDP molecules have been assumed to be present inside the 
P4VP(PDP) phase. 
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5.3.2. Proof of complex formation 
 
It is well-known that hydrogen-bonded complexes of poly(4-vinylpyridine) with 
PDP form a microphase separated lamellar morphology below ca. 67 °C.29 The 
pentadecyl chains separate from the polymer and phenol function of PDP. This 
results in a lamellar arrangement with a period of about 3-5 nm, depending on the 
amount of PDP and temperature. To prove the existence of this internal short-
length-scale structure in the triblock copolymer/PDP supramolecules, SAXS 
intensity curves were recorded at angles corresponding to this small length scale. 
For representative complexes, a sharp P4VP(PDP) length scale peak was indeed 
found. As an example, the intensity curve for entry 4 in Table 5.2 is shown. 
The sample is heated from 10 °C to 120 °C, cooled to 0 °C and reheated to 120 °C 
to show reversibility. 
 

 
Figure 5.5. SAXS intensity curve for entry 4 in Table 5.2. 

 
A number of events occur that are already known from our previous research on 
P4VP(PDP) and their diblock copolymers with PS.30 Firstly, a peak that indicates a 
lamellar microphase separated morphology of P4VP and the alkyl tails of PDP is 
found at about q = 1.7 nm-1 (there is a small temperature dependence). The length 
scale that corresponds to this peak, according to formula 2-9, is about 3.7 nm. This 
value is in good agreement with the length scales known from the PS-b-
P4VP(PDP) studies. 
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Secondly, upon heating, this peak disappears and changes into a correlation hole 
peak; the temperature at which this occurs is the order-disorder temperature (ODT) 
for the small length scale. Although hydrogen bonds are thermally reversible, up to 
high temperatures many hydrogen bonds remain and the homogeneously mixed 
state consists primarily of P4VP(PDP) hydrogen-bonded side-chain polymers and 
some free PDP.31 Using DSC, the transition temperature for this particular sample, 
defined by the peak position was found to be 78 °C upon heating and 73 °C upon 
cooling. The ODTs of the microphase separation in the P4VP(PDP) domains of all 
the triblock copolymer samples studied are all in the same range of temperatures. 
In the case of homopolymer P4VP with an equimolar amount of PDP the ODT is 
approximately 60 °C,32 a value which is also found for the PS-P4VP(PDP)1,0 
system.30 Compared to these systems, our triblock copolymer complexes show a 
somewhat higher ODT for the small length scale. 

Finally, crystallization of the alkyl tails of PDP occurs below room temperature. 
This results in a “collapse” of the lamellar structure, as is reflected by a shift in the 
peak to q = 1.88 nm-1 for the pristine sample at 10 °C. The length scale is now 
significantly smaller, 3.3 nm. 
 
5.3.3. Morphological studies 
 
5.3.3.1. Diblock copolymer precursors 
 
Two diblock copolymer precursors were analyzed with SAXS and TEM to 
investigate the phase separation that occurs between PtBOS and PS. It was also 
performed to see which of the two blocks is stained more with RuO4. To this end, 
first the asymmetric diblock copolymer, which was the precursor for entry 2 in 
Table 5.1 was investigated. 
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     (a)            (b) 

Figure 5.6. Bright-Field TEM micrograph (a) and the corresponding SAXS intensity 
profile (b) of the diblock precursor of entry 2 in Table 5.1. The TEM sample was stained 

for 100min with RuO4. 
 
The diblock precursor shows a lamellar morphology, in which the PtBOS layers 
are the thinnest lamellae (the fraction of PtBOS is 0.34). The lamellae do not show 
long-range order, which is reflected by the absence of higher order peaks in the 
SAXS profile. Cylindrical (or bicontinuous) self-assemblies are expected to form 
for these diblock copolymers at even lower PtBOS fractions. Furthermore, we can 
now say, since PtBOS is the minority fraction, that PtBOS is stained more heavily 
than PS. The long period, as measured from the TEM picture is nmnm 126 ± , 
which is in excellent agreement with the value obtained from SAXS, 26.2 nm (q = 
0.24 nm-1). 
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     (a)            (b) 

Figure 5.7. Bright-Field TEM micrograph (a) and the corresponding SAXS intensity 
profile at room temperature (b) of the diblock precursor of entry 1 in Table 5.1. The TEM 

sample was stained for 100min with RuO4. 
 
This symmetric diblock copolymer, the precursor for entry 1 in Table 5.1, shows 
the expected lamellar self-assembly. The lamellae are moreover of similar 
thickness, which is also reflected by the absence of the second order peak in the 
SAXS intensity pattern. The repeat unit as calculated from SAXS has a value of 
45.9 nm, while TEM analysis gives nmnm 245 ± . 
 
5.3.3.2. Triblock copolymers and their complexes with PDP 
 
The self-assembly of the four bulk triblock copolymers listed in Table 5.1, as well 
as their complexes with PDP was investigated with TEM and SAXS. A detailed 
discussion per block copolymer and its corresponding complexes will now be 
given. 
 

The self-assembly of entry 1 (ftBOS = fSt = 0.46 , f4VP = 0.08) is addressed using 
both SAXS and TEM. When staining with iodine, only the P4VP phase is stained 
and apparently forms hexagonally spaced cylinders as can be seen in Figure 5.8a. 
The fraction of P4VP is very low (8 wt%), but apparently phase separation still 
occurs due to the large value of the interaction parameter between PS and P4VP. It 
was also shown before by Bates and coworkers that cylinders can form at lower 
block fractions for triblock copolymers.7 When the sample is stained with 
ruthenium tetroxide, the PtBOS and P4VP phases are stained more than the PS 
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block (Figure 5.8b) and a core-shell morphology is clearly observed. This leads to 
the conclusion that the structure is a core (P4VP) – shell (PS) cylindrical 
morphology. 

 

          
 (a)                (b) 

               

           
  (c)                (d) 

Figure 5.8. Bright-field TEM image of entry 1 in Table 5.1, stained with iodine (a), stained 
with ruthenium tetroxide (b), the corresponding SAXS intensity profile at room temperature 
(c) and a schematic representation of the morphology (d). Green represents P4VP, red is PS 

and blue is PtBOS. 
 
The interaction parameters that were determined in Chapter 3 satisfy ABχ « BCχ , 

which is, as pointed out earlier,3,33 a requirement for core-shell structures. It is 
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obvious that the system can minimize the highly unfavorable BC interactions at the 
cost of generating more AB contacts by adopting this morphology. In this respect it 
is important to realize that for the given composition a lamellar-type interface 
between PtBOS and PS corresponds to a minimal  PtBOS/PS interface. Moreover, 
the shell (consisting of the PS block) seems to have a hexagonal shape, which has 
been reported before for tri- and tetrablock copolymer systems.34-36 Gido and 
coworkers35 observed a similar self-assembly for a linear polyisoprene-b-
polystyrene-b-poly(2-vinylpyridine) triblock copolymer. The hexagonal shape was 
explained to be due to the packing of the chains, which in this way are able to have 
all chain ends at a nearly equal distance from the center of the cylinder. 

The first order scattering peak from the SAXS pattern gives us the distance 
between cylinder planes: d = 2π / q ≈ 65.4 nm. This distance is also determined 
from an average of measurements of the somewhat distorted hexagonal pattern of 
the TEM image. Averaging over the different planes gives a value of about 

nmnm 557 ± . Since the TEM pictures were not calibrated, this deviation between 
the TEM and SAXS values probably lies in the TEM error margin. 

Upon addition of a stoichiometric amount of PDP, a change in morphology is 
observed. Staining with iodine reveals reasonably thin P4VP lamellae and after 
staining with RuO4, a triple lamellar structure is clearly visible. 
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            (a)                (b) 
               

                   
    (c)                (d) 

Figure 5.9. Bright-field TEM image of the complex of entry 1 in Table 5.2, stained with 
iodine (a), stained with ruthenium tetroxide (b), the corresponding SAXS intensity profile 

at room temperature (c) and a schematic representation of the morphology (d). Green 
represents P4VP(PDP), red is PS and blue is PtBOS. 

 
The block fractions are now 0.37 : 0.37 : 0.25, so the different domains are 
comparable in size. Secondly, the comb architecture of the P4VP(PDP) block 
requires more space for the amphiphilic alkyl tails to stretch, causing a preference 
for lamellar morphologies. In general, blocks which require extra space such as 
graft or star37 blocks will show a tendency to form lamellar self-assemblies for a 
large part of the phase diagram. Considering also the reduction of the 
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PS/P4VP(PDP) interface tension as compared to pure PS/P4VP, this lamellar 
structure is no surprise. The long period, as derived from the TEM images, is 

nmnm 268 ± , as opposed to 66.1 nm, which is derived from the first order 
scattering peak. These numbers are in good agreement. 

Next entry 2 (ftBOS = 0.29, fSt = 0.56 , f4VP = 0.15) from Table 5.1 will be 
discussed. When staining with iodine (Figure 5.10a), only the P4VP domains are 
stained, upon which clearly hexagonally packed cylinders are observed. Not 
unexpected given the fact that the fraction of P4VP is now 15 %. When staining 
with ruthenium tetroxide (Figure 5.10b), all three phases are stained, but the PtBOS 
and P4VP phases more heavily than the PS phase. Based on these two staining 
methods we find, as before, a core-shell double cylindrical self-assembled 
morphology. 
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(a)                (b) 

                   
  (c)                (d) 

Figure 5.10. Bright-field TEM image of entry 2 in Table 5.1, stained with iodine (a), 
stained with iodine and ruthenium tetroxide (b), the corresponding SAXS intensity profile 

at room temperature (c) and a schematic representation of the morphology (d). Green 
represents P4VP, red is PS and blue is PtBOS. 

 
The distance between cylinder planes is determined from TEM to be 

nmnm 240 ± , somewhat smaller than the value derived from SAXS; 48.0 nm. 
When adding one PDP molecule per P4VP unit, the interaction parameters 
(presumably) are more of the same order and the fractions satisfy ftBOS = 0.16, fSt = 
0.50 , f4VP(PDP) = 0.33. The PS/P4VP interface adapts to provide the alkyl tails more 
space and the weight fraction of the third block is much higher. As for the previous 
sample, a three-phase lamellar structure is found as demonstrated by both TEM and 
SAXS. 
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(a)         (b) 

                

  (c)      (d) 

Figure 5.11. Bright-field TEM image of the complex of entry 2 in Table 5.2, stained with 
iodine (a), stained with iodine and ruthenium tetroxide (b), the corresponding SAXS 

intensity profile (c) and a schematic representation of the morphology (d). Green represents 
P4VP(PDP)1.0, red is PS and blue is PtBOS. 

 
From the first order SAXS peak (q = 0.117 nm-1) we find for the long period d = 
53.7 nm. From TEM one can directly measure this length as nmnm 146 ± . 
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Entry 3 (ftBOS = fSt = 0.34 , f4VP = 0.32) is the triblock copolymer with the lowest 
molecular weight (about 5 kg/mol per block). Its SAXS profile showed a 
cylindrical scattering pattern. The first order scattering peak at q = 0.319 nm-1 
provides the distance between cylinder planes, which is calculated to be 19.7 nm. 
From TEM images one measures nmnm 219 ± , which is in good agreement. 

The resolution of the TEM pictures is clearly less than that of the previous 
samples. This is probably due to surface staining of the very powdery sample; the 
epoxy resin is able to substantially penetrate the powder-like structure of the 
sample. 
 

                       
 (a)                   (b) 

               

                 
    (c)                (d) 

Figure 5.12. Bright-field TEM image of entry 3 in Table 5.1, stained with iodine (a), 
stained with ruthenium tetroxide (b), the corresponding SAXS intensity profile at room 
temperature (c) and a schematic representation of the morphology (d). Green represents 

P4VP, red is PS and blue is PtBOS. 
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An interesting observation for this particular triblock copolymer is the existence of 
three microphases. The phase separation of P4VP from PS and PtBOS is not a 
surprise, given the large values of the Flory-Huggins interaction parameters 

VPS 4,χ  

and VPtBOS 4,χ . However, since 034.0031.0 , << tBOSSχ , such low molecular 

weights could well have resulted in a mixed PS/PtBOS phase ( 3, ≈NStBOSχ ). Such 

a mixed state was indeed found for the diblock precursor of this polymer as 
demonstrated by the SAXS scattering pattern presented in Figure 5.13. 
 

 
Figure 5.13. SAXS scattering intensity profile for the PtBOS-b-PS precursor for entry 3 in 

Table 5.1 (ftBOS = fS = 0.50, nM = 9.0 kg/mol). 

 
Apparently, the molecular architecture of the chains, or rather the sequence of the 
blocks, ensures easier segregation of the PtBOS and PS blocks once the P4VP 
blocks are segregated. 
This phenomenon has been described before by Chatterjee et al.

38 for 
poly(isoprene)-b-polystyrene-b-poly(ethylene oxide) or ISO linear triblock 
copolymers. They observed that a symmetric IS diblock precursor (fI = 0.51, fS = 

0.49 and nM  = 6.9 kg/mol)was in the disordered state, while the corresponding 

triblock copolymer (fI = 0.28, fS = 0.24, fO = 0.48 and nM  = 14.2 kg/mol) showed 

a nearly completely segregated three domain structure. The interaction parameter 
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for the A and B block in this case satisfies 034.0=ISχ , which fortuitously 

corresponds precisely to our case. 
 
A complex with a nominal amount of PDP per 4VP unit was cast (ftBOS = fSt = 0.17, 
f4VP(PDP) = 0.65) and its morphology investigated. SAXS did not show any 
indication of microphase separation (Figure 5.14a, no peaks were observed). 
Although some regions with a tendency to form lamellar phases can be found in the 
TEM picture, the sample as a whole is mostly in a disordered state (Figure 5.14b). 
Apparently, upon addition of PDP, the interaction parameter between PS and P4VP 
is lowered to such an extent, that the value of Nχ falls below or is close to the 
critical value for phase separation. The same reasoning may hold for the interaction 
between PS and PtBOS, since some small amount of PDP is soluble in PS and this 
may also be the case for PtBOS. As such, the supramolecular polymer is in a 
disordered or mixed state. Staining with ruthenium produced similar pictures to 
those stained with iodine (not shown). 
 

             
  (a)           (b) 
Figure 5.14. SAXS intensity profile at room temperature of the complex of entry 3 in Table 

5.2 (a) and a Bright-Field TEM image after staining with iodine (b). 
 
Finally, we consider entry 4 in Table 5.1 (ftBOS = 0.24, fSt = 0.38 , f4VP = 0.39). In 
Figure 5.15, we can see that the bulk  triblock copolymer morphology shows again 
a core (P4VP)-shell (PS) cylindrical morphology, very similar to the morphology 
observed for entry 2 of Table 5.1. Notably, the core of the cylinders is now larger, 
due to the higher weight fraction of P4VP, 0.39 instead of 0.15. 
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    (a)         (b) 

                 

  (c)                 (d) 

Figure 5.15. Bright-field TEM image of entry 4 in Table 5.1, stained with iodine (a), 
stained with ruthenium tetroxide (b), the corresponding SAXS intensity profile (c) and a 

schematic representation of the morphology (d). Green represents P4VP, red is PS and blue 
is PtBOS. 

 
From the first scattering peak in the SAXS profile the long period is calculated to 
be 62.8 nm. From TEM, we measure the distance between cylinder planes as 

nmnm 459 ± ; both values agree quite well. 
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Upon addition of 1.0 equivalent of PDP, the fractions satisfy ftBOS = 0.11, fSt = 0.18 
and f4VP(PDP) = 0.71. As one might expect from diblock copolymer phase diagrams, 
we now find a hexagonal structure in which P4VP is the matrix. PtBOS forms very 
small lamellae between P4VP layers and PS forms cylinders which lie between the 
two lamellae (Figure 5.16). The fact that this structure is actually an hexagonally 
perforated lamellar structure is reflected by the SAXS pattern, which exhibits a √6 
peak, which is generally found for HPL self-assemblies.39 The lamellar period, as 
measured from the TEM images, is nmnm 357 ± , while SAXS gives 66.1 nm. 

 

                

    (a)                       (b) 

              

       (c)                       (d) 
Figure 5.16. Bright-field TEM image of the complex of entry 4 in Table 5.2, stained with 
iodine (a), stained with ruthenium tetroxide (b), the corresponding SAXS intensity profile 

at rt (c) and a schematic representation of the morphology (d). Green represents 
P4VP(PDP)1.0, red is PS and blue is PtBOS. 
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This is the first time we observe a clearly frustrated morphology, since the P4VP 
domains not only have an interface with polystyrene, but also an interface with 
PtBOS is created. Clearly, the system foremost wants to minimize the PS/PtBOS 
interactions. Due to the presence of PDP the interaction between PS and 
P4VP(PDP) is far less unfavorable. Now since for previous complexes unfrustrated 
structures were found, this class of triblock copolymer complexes is probably in 
the Type I frustrated regime. That we are dealing with the equilibrium morphology 
is clear from the scattering patterns. Upon heating, the SAXS intensity curve 
changes into a lamellar pattern (Figure 5.17) but upon cooling, the original 
scattering profile is recovered. 
 

 
Figure 5.17. Upon heating, the SAXS scattering pattern of the complex of entry 4 in Table 

5.2 with a nominal amount of PDP changes into a lamellar pattern. To guide the eye, the 
curve for T = 200 °C is bold. 

 
5.3.3.3. Interfacial staining by ruthenium tetroxide 

 
As was claimed in Chapter 2, ruthenium tetroxide may preferentially stain the 
interfaces of block copolymer phases. We observed such interfacial staining for the 
bulk triblock copolymer shown in Figure 5.10. In Figure 5.18a, a TEM micrograph 
in which the P4VP phase is fully stained by RuO4 is shown, whereas in Figure 
5.18b, clearly, the PS/P4VP interface is stained preferentially. It may be that the 
interface is always stained first and a longer period of time is needed to stain the 
microphase completely. Once again it is shown that examining TEM pictures from 
stained (block co)polymer samples is not straightforward, at all. 
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 (a)                (b) 

Figure 5.18. Bright-Field TEM micrographs of the same triblock copolymer sample shown 
in Figure 5.10, stained with RuO4 for an hour. Picture (a) shows complete staining of the 
P4VP phases, whereas picture (b) shows preferential staining of the interface between PS 

and P4VP. In (b), probably the RuO4 vapor was less concentrated. 
 

5.3.4. Temperature-dependent SAXS 

 
The temperature-dependent SAXS scattering profiles, such as the one presented in 
Figure 5.17, show a number of interesting features. Most notably, the first order 
scattering peak is extinguished in certain temperature intervals. This particular 
phenomenon will be addressed in some detail in Chapter 6. 
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5.4. Concluding remarks 
 
In summary, the anionic polymerization of PtBOS-b-PS-b-P4VP was performed 
successfully resulting in well-defined triblock copolymers with a low 
polydispersity. 
The self-assembly of the bulk copolymers and their supramolecular complexes 
with a low molecular weight amphiphile (PDP) was investigated using SAXS and 
TEM. The addition of this low molecular weight amphiphile changes the triblock 
copolymer self-assembly in such a way that morphologies with a larger PS / P4VP 
interface are realized than in the pure block copolymer sample. For example, it was 
shown that triblock copolymers with a core-shell hexagonal cylindrical structure 
assume a triple lamellar morphology when adding a nominal amount of PDP. 
These changes are ascribed to the lowering of the PS / P4VP interface tension due 
to the presence of PDP in the P4VP domains, the increased weight fraction of the 
P4VP-containing phases and the comb-like nature of the P4VP(PDP) blocks. With 
this unique system we are able to go from the core-shell unfrustrated regime to the 
Type I frustrated regime by selecting the proper length of the P4VP(PDP) block, 
which offers the possibility to obtain a great number of different morphologies. For 
low weight fractions ( 4.0)(4 <PDPVPPf ) of the P4VP(PDP) block, unfrustrated 

assemblies were found, while a complex with a large weight fraction (0.71) showed 
a frustrated morphology. 
The χ-parameters involved were determined by random copolymer blend studies. 
As presented in Chapter 3, the inequalities 034.0031.0 , << tBOSSχ  and 

43.039.0 4, << VPtBOSχ  hold, while the relation 35.030.0 4, ≤< VPSχ  was known 

from previous miscibility studies. In agreement with these values, the self-
assembly of the bulk triblock copolymers showed no frustration. 
The lamellar self-assemblies that were found for complexes with a nominal amount 
of PDP are obviously not the most promising morphologies with respect to 
membrane applications. Therefore, complexes were made with different amounts 
of PDP and these will be the topic of the two following Chapters. 
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Abstract 
 
The Small-Angle X-Ray Scattering (SAXS) intensity profiles of self-assembled 
films of the triblock copolymers and their complexes with a low molecular weight 
amphiphile, pentadecylphenol (PDP), are presented as a function of temperature. 
For the PDP containing samples, the first order scattering peak was found to be 
extinguished in certain temperature intervals. We will show that this phenomenon 
is closely associated with the thermoreversibility of the hydrogen bonds and the 
concurrent diffusion of PDP throughout the samples. Depending on temperature 
and amount of PDP present, this may result in a vanishing form factor. 
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6.1. Introduction 

6.1.1. Absence of first order scattering peaks 
 
The peaks that are observed in a SAXS measurement give essential information on 
the self-assembled state of block copolymer samples. The ratio of the peak 
positions determines the nature of the morphology. As denoted in Paragraph 2.2.1., 
some of the allowed reflections may be missing due to the form factor being zero at 
this particular position. For example, for a symmetrical lamellar diblock copolymer 
(with lamellae of equal thickness), the form factor is zero for the wave vector 
corresponding to the second order reflection. Ludwigs et al.1 studied the phase 
behavior of polystyrene-b-poly(2-vinylpyridine)-b-poly(tert-butyl methacrylate) or 
SBT linear triblock copolymers. Many different self-assemblies were found, such 
as triple lamellar, core-shell cylinders and core-shell gyroid. For a particular triple 
lamellar sample (Figure 6.1a), the corresponding SAXS pattern (Figure 6.1b). 
showed a very small intensity for the first and third order peak, while the second 
and fourth order were very strong. They explained this by the fact that the electron 
density difference between PS and PtBMA is very small (estimated values: ρ(PS) = 
0.566 mol/cm3 ; ρ(PtBMA) = 0.561 mol/cm3) and domain sizes that are 
comparable. 

Due to these two facts, a SAXS pattern will be obtained of a diblock-like 
structure, since the end-blocks cannot be distinguished anymore. Hence, one finds 
a lamellar structure with half the domain size of the triblock copolymer, implying 
the absence of the first and third order peak. 

                                    
Figure 6.1. Bright-Field TEM micrograph (a) and the corresponding SAXS pattern (b) of 

an SBT linear triblock copolymer with a triple lamellar morphology. Reproduced with 
permission from Ludwigs, S.; Böker, A.; Abetz, V.; Müller, A.H.E.; Krausch, G. Polymer 

2003, 44, 6815-6823. 
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We observed a similar phenomenon for a closely related linear triblock copolymer 
poly(tert-butoxystyrene)-b-polystyrene-b-poly(4-vinylpyridine) system, but only 
after adding PDP. The presence of the thermoreversible hydrogen bonding between 
PDP and P4VP gives the PtBOS-b-PS-b-P4VP(PDP) system a dynamic character 
allowing systematic extinctions to occur at different temperature intervals for 
different amounts of PDP added. This will be the topic of the present Chapter. 
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6.2. Experimental section 
 

6.2.1. Materials 
 
The triblock copolymers were synthesized and characterized as mentioned in 
Chapter 5. The low molecular weight amphiphile, 3-Pentadecylphenol (PDP, 98 %, 
Aldrich) was recrystallized twice from petroleum ether. Chloroform (p.a., LAB-
SCAN) was used as received. 
 

6.2.2. Characterization 
 
Small-Angle X-Ray Scattering (SAXS) measurements were performed at the 
Dutch-Belgian Beamline (DUBBLE) at ESRF in Grenoble, France. The sample-
detector distance was about 7.3 m, while the X-ray wavelength was 1.24 Å (E = 10 
keV). The scattering vector q is defined as q = (4 π/λ) sin θ, where θ is half of the 
scattering angle. 
 

6.2.3. Triblock copolymer complexes with PDP 
 
The triblock copolymer (100 - 200 mg) was dissolved in chloroform together with 
the calculated amount of PDP. After at least 2 h of stirring at room temperature, the 
solution was poured into a glass petri dish, which was subsequently placed into an 
atmosphere saturated with chloroform. After at least a week of solvent annealing, 
the dish was heated shortly (10 min) in an oven of 130 °C. Bulk triblock copolymer 
films were made by dissolving the polymer in chloroform and applying the same 
annealing procedure. 
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6.3. Results 
 
A large number of films were prepared, based on different triblock copolymers. To 
qualitatively discuss the phenomena observed, only the series based on one 
particular triblock copolymer will be shown. It must be noted, that for all the 
complexes discussed in the previous Chapter similar events occurred. The ratio of 
PDP molecules per 4VP repeat units is defined as r. 
 

Table 6.1. Supramolecular complexes of the parent triblock copolymer, 
 entry 2 in Table 5.1 ( molkgM n /7.49=  and PDI = 1.07) with PDP. 

Entry 
 

r 
 

ftBOS 
 

fSt 
 

f4VP(PDP) 
 

1 0a 0.29 0.56 0.15 
2 0.5 0.19 0.58  0.24b 

3 0.6 0.18 0.56 0.26 
4 0.7 0.18 0.54 0.28 
5 0.8 0.17 0.53 0.30 
6 0.9 0.17 0.52 0.31 
7 1.0 0.16 0.50   0.33b 

8 1.1 0.16 0.49 0.35 
9 1.2 0.16 0.48 0.36 

10 1.3 0.15 0.47 0.38 
11 1.4 0.15 0.46 0.39 
12 1.5 0.15 0.45 0.40 

a) Bulk triblock copolymer. 
b) Fractions do not add up to 1 because of rounding-off errors. 

 
The 1D SAXS intensity curves were measured for all the complexes listed in Table 
6.1. They were subjected to a temperature scan beginning at 200 °C, cooling with 
10 °C/min to 0 °C and heating with 10 °C/min to 200 °C to show reversibility. The 
temperature dependence of the intensity curves for entry 1, 2, 4, 7, 10 and 12 are 
shown in Figures 6.2 through 6.7. For clarity, the curve for 0 °C (downscan) is 
bold. 
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Figure 6.2. Temperature-dependent SAXS intensity profile for GG80 (r = 0). 

 

 
Figure 6.3. Temperature-dependent SAXS intensity profile for GG80(PDP)0,5. 
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Figure 6.4. Temperature-dependent SAXS intensity profile for GG80(PDP)0,7. 

 

 
Figure 6.5. Temperature-dependent SAXS intensity profile for GG80(PDP)1,0. 
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Figure 6.6. Temperature-dependent SAXS intensity profile for GG80(PDP)1,3. 

 

 
Figure 6.7. Temperature-dependent SAXS intensity profile for GG80(PDP)1,5. 



 
 
 
 
 
 
 
 
Supramolecular Complexes II: Temperature-Dependent SAXS                           139 

The SAXS intensity patterns were not dependent on scanning rate; different 
scanning rates were performed and the temperature at which the first order peak 
appears or disappears remained virtually the same. 

The bulk triblock copolymer shows a stable cylindrical morphology (as was 
discussed in Chapter 5). First of all, all SAXS patterns of the complexes (r ≠ 0) 
show a stable lamellar morphology, one that shrinks on heating and expands on 
cooling. This is easily understood by realizing that the chains are less stretched at 
higher temperatures; the interaction parameter is lowered, allowing for more 
interface to be formed. The lamellar pattern is visible after this sample has been in 
its melt state for the first time (after the first heating scan). All profiles were 
reversible, reflected by the heat-cool-heat scan that was performed. 

One can clearly see that at higher temperatures, in all scans, regions may be 
found at which the first order peak is not present, while the second order (and 
higher order) peak remains. 

The presence of the first order peak as a function of temperature for all samples 
is summarized in Figure 6.8. 
 

 
Figure 6.8. First order peak presence for different ratios r of PDP as a function of 
temperature. Over two different intervals I and II, the first order peak is present. 
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Although it is somewhat arbitrary to assign the exact temperature at which the first 
order peak disappears or appears (SAXS frames are recorded during a temperature 
interval of 5 °C), a trend can be seen in Figure 6.8. For higher amounts of PDP the 
first order peak disappears at higher temperatures. For r > 0.8, the first order peak 
also disappears at low temperatures, hence, it is present in two separate temperature 
intervals I and II. This is a clear indication of the complicated physics underpinning 
this phenomenon. To address this in more detail, we will first discuss the origin of 
the absence of the first order peak in such lamellar self-assembled systems. 
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6.4. Discussion 

 
In general we can say that the absence of the first order scattering peak in a 
lamellar self-assembled system requires at least a three-component system, i.e. 
three different layers. 
The intensity of scattered X-rays is equal to the absolute square of the amplitude.2 
Therefore, if the intensity for a certain value of q is zero, the amplitude is as well. 
 

∫
−=

V

iqr
drerqA )()( ρ        (6-1) 

 
Now let’s have a look at the situation at hand. Consider a lamellar self-assembled 
ABC triblock copolymer system with an electron density distribution as drawn 
schematically below. 
 

 
Figure 6.9. Schematic representation of the lamellar self-assembly and 

the proposed electron density profile ρ(z). 
 
Here we have assumed that the electron density of the middle block is lower than 
the electron densities of the end blocks. It will become clear that this is essential for 
an absence of the first order peak. Since for SAXS, only electron density difference 
is important and not the absolute value, we may choose the electron density of the 
middle block (red) to be zero. Accordingly, the electron densities of the A (blue) 
and C block (green) are of the same sign. Furthermore, without loss of generality, 
we may define A and C such that the latter has the highest electron density. As we 
will show, this is the kind of situation that is required to have a vanishing first 
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order peak. It also is the situation encountered by Ludwigs et al. who actually 
estimated the absolute electron densities of the blocks in their triblock copolymers 
and indeed found the middle block to have the lowest electron density. Applying 6-
1 to the situation sketched in Figure 6.9 gives 
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which due to the symmetry of the system can be rewritten as 
 

∫∫
−− +=

L

L

iqz

L

iqz
dzezdzezqA

2/

2/

0

)()()( ρρ      (6-3) 

 
Changing the exponential form of this equation into its corresponding 
trigonometric form results in 
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For the first order scattering peak, q = 2π/L. Since sin x = - sin (x + π), the 
following holds: 
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And therefore (6-4) reduces to: 
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We redraw the situation at hand in Figure 6.10 for only half the period and also 
draw the function )/2cos( Lzπ as well as its product with the electron density 

)/2cos()()( Lzzzf πρ= . 
 

cosine

electron density

f(z)

A

B

0 L/2

 
Figure 6.10. Redrawing of half the period, showing the electron densities, the 

corresponding cosine term in the scattering function and the product of the two. 
 
From this picture we immediately observe that situations may indeed occur where 
the integral of f(z) over half the period is zero. This simply happens when the 
integral of f(z) over the A domain cancels the one over the B domain. Due to the 
symmetry, the second term in eq. 6-6 is then also zero. 

Hence, under the given assumptions, it is possible that A(q) = 0 for the first 
order reflection, while other reflections will remain. The next issue to address is 
why this occurs for certain temperature intervals only. 
 
The appearances and disappearances of the first order peaks as a function of 
temperature (Figures 6.3 – 6.7) imply that there is a change in electron density 
distribution. Although it is obvious that electron densities may vary slightly upon 
heating, this does not account for the extreme differences observed. It is actually 
characteristic for our unique system involving hydrogen-bonded PDP. Although we 
assume that most of the PDP is present in the 4VP phase, actually some small 
amounts of PDP will be present in the other domains as well and this amount will 
be temperature dependent. More specifically, it is known that above a certain 
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temperature (ca. 120 °C), PDP becomes fully miscible with PS, whereas below this 
temperature it acts as a plasticizer.3 Of course, due to the favorable hydrogen 
bonding between P4VP and PDP most of the PDP will reside in the P4VP 
containing domains. However, upon heating gradually more and more PDP will 
diffuse into the PS domains. It is not unreasonable to expect that, to some extent, 
PDP will also be present in the PtBOS domains. At any rate a change in 
temperature induces a redistribution of PDP across the different domains with a 
corresponding change in electron densities. As such the occurrence of a situation as 
discussed above is quite possible. However, it should be noted that the actual 
situation is rather complex; a redistribution of PDP not only changes the electron 
densities of the different domains but also the thickness of the respective layers.  
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6.5. Concluding remarks 
 
In this Chapter, it was shown that for a number of poly(tert-butoxystyrene)-b-
polystyrene-b-poly(4-vinylpyridine) linear triblock copolymers, complexed with 
PDP, the first order scattering peak intensity shows unusual temperature 
dependence. Notably, the first order reflection is diminished for certain temperature 
intervals, while higher order peaks remain. The electron density difference between 
the three blocks apparently is zero for certain temperatures. This is attributed to the 
temperature-induced redistribution of PDP across the different domains (and the 
corresponding change in electron densities), the resulting changes in domain 
thicknesses. Besides these redistribution arguments, thermal expansion of the 
microdomains will also occur upon heating (as well as shrinkage upon cooling). 
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Nanoporous gyroid channels for membrane 
applications 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
A core-shell double gyroid self-assembled state was found for a poly(tert-
butoxystyrene)-b-polystyrene-b-poly(4-vinylpyridine) triblock copolymer complex 
with pentadecylphenol. The amphiphile could be washed out, leaving nanoporous 
gyroid channels. The existence of the nanochannels was proven with SAXS and 
SEM. The possibility for such porous structures to be used in membrane 
technology is discussed. 
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7.1. Introduction 
 
One of the key interest areas for applications of block copolymers is the field of 
separation membranes.1 In the last decade, a lot of work has been performed on 
nanoporous structures. In general, a block copolymer is allowed to self-assemble 
into its equilibrium morphology and afterwards, one of the blocks is selectively 
removed by etching,2,3 hydrolysis,4 ozonolysis5,6 or even depolymerization.7 A 
large portion of these studies involve materials obtained from cylinder-forming 
block copolymer precursors.8-11 Usually, thin films ranging from hundred to a few 
hundreds of nanometers are coated on a substrate.12 However, it is not trivial to 
align the cylinders in such a way that they span from top (polymer-air surface) to 
bottom (substrate-polymer interface) of the film. Of course, for a membrane to 
function properly, it is necessary for the pores to stretch continuously through the 
polymer. This problem was overcome by Peinemann et al.

13 by using a 
combination of solvent evaporation and non-solvent-induced phase separation to 
create a nanoporous structure from a polystyrene-b-poly(4-vinylpyridine) or PS-b-
P4VP diblock copolymer. The result was an asymmetric membrane with a highly 
ordered top layer of about 200-300 nm on top of a thick sponge-like layer. 

Another way to avoid such alignment issues is to use a self-assembled state with 
continuous phases. In this way, alignment is no issue, since the resulting pores will 
form continuous pathways through the material by definition. 

The phase diagram of PS-b-P4VP diblock copolymers complexed with 
pentadecylphenol (PDP) through hydrogen bonding has been extensively 
researched in our group.14,15 A number of hierarchically ordered self-assemblies 
were found, including lamellae-within-cylinders, lamellae-within-spheres and 
lamellae-within-lamellae (Figure 7.1).16 While a gyroid-within-lamellae 
morphology was found in which the polystyrene block (fSt = 0.38) formed the two 
bicontinuous gyroid networks, the inverse gyroid self-assembly has never been 
found for the diblock copolymer complexes. One has to realize that a gyroid 
morphology for diblock copolymer systems is only possible in the weak to 
intermediate segregation regime. It is known that the pure PS-b-P4VP diblock 
copolymer will usually (depending on the molecular weight) be in the strong 
segregation state. However, once PDP is added this is no longer the case17 and 
gyroid structures become a distinct possibility.   
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Figure 7.1. Phase diagram for PS-P4VP(PDP)x as a function of temperature. The fraction 

of the P4VP(PDP)x block is denoted as fcomb,1. Reproduced with permission from Valkama, 
S.; Ruotsolainen, T.; Nykänen, A.; Laiho, A.; Kosonen, H.; ten Brinke, G.; Ikkala, O.; 

Ruokolainen, J. Macromolecules 2006, 39, 9327. 
 
Such a morphology would be of great interest with respect to the membranes 
discussed, since it was demonstrated that washing the amphiphile away from the 
comb block results in the formation of nanoporous phases.18 For triblock 
copolymers, a number of network morphologies has already been found, including 
alternating gyroid,19,20 core-shell gyroid21 and orthorhombic networks.22 

Apparently, triblock copolymers offer a lot of possibilities to create network 
morphologies. Therefore, we turned our attention to triblock copolymers 
comprising P4VP as one of the blocks. If a network assembly could be found 
where P4VP(PDP) forms a continuous network, the amphiphile may be washed out 
and a promising membrane material would be obtained. 
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7.2. Experimental section 

7.2.1. Materials 
 
The triblock copolymer was synthesized by a three-step sequential anionic 
polymerization and characterized as mentioned in Chapter 5. The low molecular 
weight amphiphile, 3-Pentadecylphenol (PDP, 98 %, Aldrich) was recrystallized 
twice from petroleum ether. Ethanol and chloroform (p.a., LAB-SCAN) were used 
as received. 
 

7.2.2. Characterization 
 
Small-angle X-ray scattering (SAXS) was performed on two different setups. One 
is a Bruker NanoSTAR apparature, which  consisted of a Kristalloflex K760-8- 3.0 
kW X-ray generator with cross-coupled Göbel mirrors for Cu Kα radiation (λ = 
1.54 Å), resulting in a parallel beam of about 0.05 mm2 at sample position. A 
Siemens multiwire type area detector was used. The sample-detector distance was 
105 cm. 

The second setup was at the Dutch-Belgian Beamline (DUBBLE) at ESRF in 
Grenoble, France. The sample-detector distance was about 7.3 m, while the X-ray 
wavelength was 1.24 Å (E = 10 keV). The SAXS intensity patterns were measured 
at different temperatures. The scattering vector q is defined as q = 4π/λ sinθ with 
2θ being the scattering angle. 

Bright-field transmission electron microscopy (TEM) was performed on a 
JEOL-1200EX transmission electron microscope operating at an accelerating 
voltage of 100 kV. A piece of film was embedded in an epoxy resin (Epofix, 
Electron Microscopy Sciences) and cured overnight at 40 °C. The sample was 
subsequently microtomed to a thickness of about 70 nm using a Leica Ultracut 
UCT-ultramicrotome and a Diatome diamond knife at room temperature. The 
microtomed sections were floated on water and subsequently placed on copper 
grids. To obtain contrast during TEM, the samples were stained with iodine (3 h) or 
RuO4 (100 min). 

Scanning electron microscopy experiments (SEM) were performed on a JEOL 
6320 Field Emission Scanning Electron Microscope working at an acceleration 
voltage of 3 kV and a work distance of 5 mm. Specimens were coated with a few 
nanometer thick layer of platina. 
 



 
 
 
 
 
 
 
 
Nanoporous Gyroid Channels for Membrane Applications                                  151 

 

7.2.3. Triblock copolymer complex with PDP 
 

The triblock copolymer ( nM = 76.0 kg/mol; PDI = 1.04; ftBOS = fSt = 0.46, f4VP = 

0.08) in the amount of  386 mg (0.294 mmol 4VP units) was dissolved in 
chloroform together with 44.8 mg (0.147 mmol) of PDP. This corresponds to one 
PDP molecule per two 4VP repeat units. After stirring at room temperature 
overnight, the solution was poured into a glass petri dish, which was subsequently 
placed into a chloroform atmosphere. After two weeks of solvent annealing, the 
dish was heated shortly (10 min) in an oven of 130 °C. In this way, a complex was 
obtained, which has the following block weight fractions: ftBOS = fSt = 0.41,  f4VP(PDP) 
= 0.18. Bulk triblock copolymer films were made by dissolving the polymer in 
chloroform and applying the same solvent annealing procedure; temperature 
annealing was performed at 180 °C for 10 minutes. 
 

7.2.4. Removal of PDP 
 
The low molecular weight amphiphile was removed by placing a piece of film into 
a beaker with 300 mL ethanol and stirring for three days at room temperature. 
 

7.2.5. Large Amplitude Oscillatory Shear 
 
To macroscopically align the sample, Large Amplitude Oscillatory Shear or LAOS 
was performed on a home-made tooth rheometer.23 The teeth had a surface of 5 
mm x 3 mm and the gap width was 0.7 mm. The strain was below 0.5 and shearing 
was performed for one hour at a temperature of 175 °C. 
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7.3. Results 

7.3.1. Bulk morphology 
 
The complex that was formed between the polymer and 0.5 PDP molecules per 
4VP unit was investigated. The SAXS intensity curves as well as some TEM 
images are shown in Figure 7.2. 
 

                 
            (a)                (b) 

            
    (c)                (d) 

Figure 7.2. Bright-field TEM image of the complex of entry 1 in Table 5.1 with 0.5 PDP 
molecules per 4VP moiety, stained with iodine (a) the inverse-color FFT of the same image 
and (b) ruthenium tetroxide-stained TEM image (c) and the corresponding SAXS intensity 

profile of the unsheared film at room temperature (d), the vertical lines indicate the 
positions of possible gyroid reflections. 
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The TEM micrographs clearly indicate the existence of a core-shell gyroid phase; 
Figure 7.2a clearly represents a section indicating the (211) plane. This plane has 
been well-established by a number of publications.3,12,24,25 The Fourier transform of 
the same image shows a substantial degree of order, reflected by the large number 
of scattering peaks (Figure 7.2b).  

However, from the SAXS patterns we cannot conclude the same morphology. In 
order to strongly support a gyroid self-assembly, the first two peaks to be observed 
should be in the ratio √6 : √8.26 The first peak observed is positioned at q = 0.105 
nm-1. The corresponding √8 peak should then be observed at q = 0.121 nm-1 
(assuming there are no hidden peaks under the beam stop). In our case we can only 
assume this peak to be present in the shoulder of the first peak (second vertical 
line). Other possible reflections in the ratio of √6: √8: √14: √16: √20: √22: √24: 

√26: √30: √32: √38: √40: √42: √50, indicating the G phase with cubic dIa3  
symmetry group (core-shell gyroid),27 were not observed, although the broad peak 
at around 0.2 nm-1 might comprise the √20, √22 and √24 peaks. Analogously, an 
alternating gyroid structure, with I4132 symmetry can also not be proven or 
disproven. 

For a particular poly(isoprene)-b-polystyrene-b-poly(dimethylsiloxane) linear 
triblock copolymer (ISD) Shefelbine et al.

21 also obtained a rather poor SAXS 
profile, while TEM evidence clearly showed a very well-ordered core-shell gyroid 
morphology. Two rather broad peaks, at seemingly lamellar spacings were 
observed, quite similar to the SAXS profile we observed (Figure 7.2d). Therefore, 
they shear-aligned the sample, making use of the cylindrical morphology the 
sample adopts at higher temperatures. After slow cooling to room temperature, the 
SAXS diffraction patterns showed a large number of well-defined spots, including 
patterns strongly resembling the FFT in Figure 7.2b, which they could assign to the 
proposed core-shell double gyroid morphology. There are a number of striking 
resemblances between that sample and the sample under investigation here (Table 
7.1). 

Table 7.1. A comparison between the ISD triblock copolymer of 
Shefelbine et al. and the sample under investigation. 

 Shefelbine et al.
21 GG145 

Af  0.40 0.41 

Bf  0.41 0.41 

Cf  0.19 0.18 

ABχ  0.03 0.03 

BCχ  0.12 <0.3 

ACχ  0.09 <0.4 



 
 
 
 
 
 
 
 
154                                                                                                        Chapter Seven 

7.3.2. Amphiphile removal 
 
The amphiphile was removed by washing with ethanol, which should result in the 
loss of about 13 w% material. After removal of PDP, the sample showed an 
enormous increase of scattering as indicated in Figure 7.3. This is a clear indication 
of the porosity which is created by the removal of PDP. 
 

 
Figure 7.3. SAXS intensity profiles a) before and 

b) after washing away the amphiphile. 
 
Besides the orders of magnitude of increase of scattering, one can see a broad 
correlation hole peak around 0.17 Ǻ-1, which corresponds to the P4VP(PDP) 
complex formation. This peak is not present in the profile after washing. Both of 
these conclusions support the fact that not only PDP is removed, but also a 
nanoporous phase is obtained. To further check the resulting porous structure, SEM 
micrographs were taken. 
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       (a)                (b) 

Figure 7.4. SEM micrographs at magnifications of 40k (a) and 50k (b) of the porous gyroid 
structure obtained after washing away the amphiphiles. The polymer-air interface of the 

film is projected, here. 
 
This porous structure is clearly the top view of the plane observed in the TEM 
sections. Again, the gyroid structure is observed, which has not collapsed upon 
amphiphile removal. Wave-like patterns, combined with hole patterns are typical 
for gyroid morphologies. Moreover, at specific spots, one can recognize the typical 
trifunctional nodes, at which three struts come together at angles of about 180 ° 
(indicated by arrows in Figure 4a). Last but not least, the layers of the wave 
patterns are about nmnm 2180 ± thick, somewhat thicker than the layer thickness 
derived from the TEM images, about nmnm 4156 ± . 

When the TEM and SEM images are scaled to the same length scale and the 
contrast in the TEM picture is somewhat enhanced, one clearly sees the close 
resemblance between the two techniques (Figure 7.5). 
 

 
Figure 7.5. Combined TEM (left) and SEM (right) micrographs at the same length scale 

(the height of the picture corresponds to about 430nm, for both images). 
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Now it is easy to relate which length scales correspond for both microscopy 
techniques, and it is clear that both give the same distance between layers of about 
180 nm. 

The polymer-glass interface (from the film casting process) was also examined 
with SEM (Figure 7.6). Although at this interface, the gyroid nature is not as easily 
recognized as in the previous pictures, it is a more direct resemblance to the TEM 
pictures. In any case, this interface is porous, as well. Therefore, this sample may 
very well be used to construct a nanoporous membrane by coating it on a porous 
support. 

 
 
 
 
 
 
Figure 7.6. SEM micrograph of 

the porous gyroid film at the 
polymer-glass interface. 

 
 
 
 

 
Besides this membrane application, the sample may also be used to make so-called 
metal foams, hybrid solar cells and actuators. The porous gyroid networks can be 
filled with inorganic material (replicating), after which the block copolymer is 
removed and a free-standing, inorganic gyroid replicate of the gyroid morphology 
is obtained. 
 

7.3.3. Shear alignment 
 
To obtain a more obvious SAXS profile, an attempt was made to shear align the 
sample. Some evidence was found that cylinders might be formed at temperatures 
around 175 °C and accordingly, LAOS was performed for one hour at 175 °C. The 
2D SAXS patterns revealed some alignment, as shown in Figure 7.7. 
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            (a)                 (b) 

Figure 7.7. Alignment is observed with SAXS after applying LAOS (a), but again, no 
typical patterns are found after integration (b); the vertical line indicates the primary peak. 

 
One can see that the primary ring in the 2D SAXS pattern is not isotropic. 
Disappointingly, this SAXS patterns again is inconclusive with respect to showing 
a gyroid nature. After washing away the amphiphile, the sample was investigated 
with SEM to judge the porous morphology that resulted. 

The sample shows some cylindrical shapes rather than the gyroid morphology 
that was observed before applying shear (Figure 7.8). There are two possible 
explanations for this phenomenon. Firstly, it could mean that the observed gyroid 
self-assembly is not the equilibrium structure and that by shearing the sample at 
175 °C, the more stable cylindrical morphology is formed and survives the cooling 
process until the material passes its glass transitions. 

  

    
(a)               (b) 

Figure 7.8. After shearing at 175 °C, the sample showed a cylindrical nature after removal 
of the amphiphile. Shown are SEM micrographs at magnifications of 15k (a) and 40k (b). 
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The second option is that shear induces an order-order transition into a cylindrical 
morphology. Such behavior has been observed in our group for a polyisoprene-b-
poly(4-vinylpyridine) block copolymer, hydrogen bonded with octyl gallate. For 
that particular complex, a transition from a lamellar into a cylindrical morphology 
was observed when LAOS was applied.28 This was ascribed to the facilitated 
beaking of hydrogen bonds due to shear. At present, it is not clear which of the two 
conclusions is correct. 
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7.4. Concluding Remarks 
 

A triblock copolymer complexed with 0,5 PDP molecules per 4VP repeat 
showed a gyroid morphology as could be shown with TEM. The gyroid symmetry 
has not yet been fully elucidated, since from the SAXS pattern one cannot 
determine the precise nature of the morphology. To this end, additional synchotron 
SAXS measurements in combination with long-term annealing experiments should 
be performed. 

Aligning the sample at 175 °C did not result in a macroscopically aligned gyroid 
morphology, but rather some sort of cylindrical morphology, as was shown with 
SEM after washing away PDP. 

Additional SAXS measurements to corroborate the TEM data as well as a proper 
macroscopic alignment procedure of the gyroid self-assembly have to be found. 
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SSuummmmaarryy  
 
Laptops, mobile phones, computer chips: modern devices are getting smaller and 
smaller. At the moment, the many materials scientists are therefore involved in the 
preparation and study of all kinds of nanoscale (10-9 m) structures. 

One important tool in this respect is the natural phase separation that occurs 
between different polymers that are linked together in so-called block copolymers. 
The balance between the repulsive interaction between the different blocks and the 
conformational entropy loss of the blocks results in many different ordered 
nanostructures. While for diblock copolymers the number of possible structures is 
quite limited due to the few variables available, triblock copolymers have been 
shown in recent years to allow a vast number of different self-assemblies. These 
may be divided into different classes based on the amount of frustration present. 

This thesis deals with a special class of triblock copolymers, namely linear ABC 
triblock copolymers with a C block that allows complexation with low molecular 
weight amphiphiles through hydrogen bonding. Two different classes of triblock 
copolymers were synthesized: poly(tert-butyl methacrylate)-b-polystyrene-b-
poly(4-vinyl pyridine) or PtBMA-b-PS-b-P4VP and poly(tert-butoxystyrene)-b-
polystyrene-b-poly(4-vinyl pyridine) or PtBOS-b-PS-b-P4VP. 

These block copolymers were complexed through hydrogen bonding of the 
P4VP block with a low molecular weight amphiphile, pentadecylphenol or PDP. 
After their self-assembly, it is possible to remove the amphiphile by washing with 
ethanol, as was shown before in the case of diblock copolymers. In this way 
nanoporous structures may be prepared that are promising candidates for, e.g.. 
membrane applications. 

To rationalize the self-assembled structures found, first the various interactions 
involved were addressed by determining the values of the corresponding Flory-
Huggins interaction parameters. This was achieved by performing a so-called 
random copolymer miscibility study for each different monomer pair. The results 
show that 11.007.0 , << tBMASχ , 034.0031.0 , << tBOSSχ , 09.004.0 ,4 << tBMAVPχ  

and 43.039.0 ,4 << tBOSVPχ , while from previous studies, it was already known that 

35.030.0 4, << VPSχ . These values demonstrate that for the PtBMA-b-PS-b-P4VP 

triblock copolymer the P4VP phase would rather have an interface with the PtBMA 
phase than with the PS phase. Since PS is directly connected to P4VP a so-called 
type I frustration is present. No frustration is expected for the PtBOS-b-PS-b-P4VP 
copolymers. 
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The motive to use the specific PtBMA-b-PS-b-P4VP(PDP) triblock copolymer 
complexes, was the possibility to create so-called charge-mosaic membranes. 
These are thin films comprising alternating charged pores, that allow the separation 
of charged species from fluids. For instance, a device may be constructed for the 
desalinization of water. The negatively charged pores can be made from the 
PtBMA blocks, while the positively charged pores can be made from the 
P4VP(PDP) comb-block. 

The PtBMA-b-PS-b-P4VP  triblock copolymers were synthesized through Atom 
Transfer Radical Polymerization (ATRP). Unfortunately, this method has a number 
of drawbacks, the most important one being the relatively high polydispersity for 
molecular weights exceeding 10 kg/mol per block. The presence of three different 
nanophases, essential for the envisioned applications, could not be proven 
unambiguously with TEM analysis for both the triblock copolymers as well as their 
complexes with PDP. We attributed this to the high polydispersity and thus turned 
our attention to a related triblock copolymer system that can be synthesized using 
anionic polymerization. 

Sequential anionic polymerization is one of the best controlled polymerizations 
known. It has, however, a number of restrictions such as the sequence of blocks. 
The PtBMA-b-PS-b-P4VP triblock copolymers for one cannot be synthesized (in 
this block order) using a straightforward sequential anionic polymerization because 
the cross-over reaction from PtBMA to PS will not occur in a controlled fashion. 
Furthermore, the ester bond of PtBMA is susceptible to nucleophilic attack by 
polystyryl anions. 

This is why we turned our attention to PtBOS-b-PS-b-P4VP triblock copolymers 
that can be synthesized with anionic polymerization with the desired molecular 
weights and with the proper block volume fractions. The SAXS and TEM analysis 
of their self-assembled state proved to be relatively straight-forward. Core-shell 
cylindrical morphologies were found where the P4VP core is surrounded by a shell 
of PS, embedded in the matrix formed by PtBOS. These morphologies are easily 
understood on the basis of the relative values of the interaction parameters 
involved. Since the B/C interface is the most unfavorable, this interface is 
minimized, at the cost of creating more A/B interface. Since the A/C interaction is 
even more unfavorable, frustrated morphologies are not found. 

The P4VP blocks were subsequently complexed via hydrogen-bonds with PDP 
and the self-assembly of the supramolecular complex was addressed. The addition 
of PDP to the P4VP phase significantly reduces the unfavorable interaction with 
the middle block (PS), as well as increases the volume fraction of the C block. The 
resulting morphologies therefore differed from the bulk triblock copolymers. For 
most complexes with one PDP molecule per 4VP unit, three-phase lamellar 
structures were found.  
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Besides structural information, SAXS also showed some interesting scattering 
behavior. Specifically, the first order reflection reversibly appeared and 
disappeared as a function of temperature. This behavior could be ascribed to the 
unique nature of our system: the thermoreversible hydrogen bonding between 
P4VP and PDP results in the gradual diffusion of part of the PDP from the P4VP 
phase into the other two phases. This results, for certain temperature intervals, in a 
zero form factor for scattering vector values that correspond to the first order 
scattering peak. At these temperatures the first order peak is therefore absent while 
higher order peaks may remain. 

Clearly, the lamellar self-assemblies are not the most promising structures for 
membrane-type applications, since the removal of PDP could result in a collapse of 
the structure. Therefore, we also investigated the self-assembly of PtBOS-b-PS-b-
P4VP triblock copolymer complexes with different amounts of PDP. To our 
surprise, one particular sample with one PDP molecule per two 4VP repeat units 
appeared to form a gyroid structure in which the P4VP(PDP) phase formed the 
gyroid channels. This is for the first time that such a structure is formed for such 
kind of systems. The gyroid morphology has not yet been fully established, since 
the SAXS pattern are relatively poor, making it impossible to determine the precise 
nature of the morphology. To this end, additional synchotron SAXS measurements 
in combination with long-term annealing experiments should be performed. 

The removal of the amphiphiles resulted in the creation of bicontinuous 
nanochannels, stretching from top to bottom of the sample, as could be shown with 
SEM and SAXS. The potential of this material to be used as a membrane is 
expected to be high. 
 
 
 



 

SSaammeennvvaattttiinngg  
 

Laptops, mobiele telefoons, computerchips: moderne apparaten worden kleiner en 
kleiner. Tegenwoordig verrichten veel wetenschappers in de materiaalkunde 
onderzoek naar het maken van structuren op nanoschaal (10-9 m). 

Een belangrijk onderdeel van zulke studies is de spontane fasescheiding die 
optreedt tussen verschillende polymeren die gekoppeld zijn in zogenaamde 
blokcopolymeren. Het evenwicht tussen de repulsieve interactie tussen de 
verschillende blokken en het verlies in conformatie-entropie van de blokken 
resulteert in een verscheidenheid van geordende nanostructuren. Waar in het geval 
van diblokcopolymeren het aantal mogelijke structuren niet zo groot is doordat er 
maar weinig variabelen zijn, zijn er voor triblokcopolymeren in de laatste jaren een 
enorm aantal verschillende geordende structuren gevonden. Deze kunnen in 
verschillende types worden onderverdeeld op basis van de frustratie die een 
dergelijk systeem zichzelf aanmeet. 

Deze dissertatie behandelt een bepaald type triblokcopolymeren, namelijk 
lineaire ABC-triblokcopolymeren met een C-blok dat complexen kan vormen met 
amfifielen met een laag molecuulgewicht. Deze complexatie geschiedt door middel 
van waterstofbrugvorming. Twee verschillende soorten triblokcopolymeren zijn 
gesynthetiseerd: poly(tert-butyl methacrylaat)-b-polystryreen-b-poly(4-vinyl 
pyridine) of PtBMA-b-PS-b-P4VP en poly(tert-butoxystyreen)-b-polystyreen-b-
poly(4-vinyl pyridine) of PtBOS-b-PS-b-P4VP. 

Deze blokcopolymeren zijn gecomplexeerd door middel van 
waterstofbrugvorming tussen het P4VP-blok en het amfifiel pentadecylfenol of 
PDP. Het is mogelijk om, na de zelf-assemblage, het amfifiel weer te verwijderen 
door te wassen met ethanol, zoals al gedemonstreerd was voor diblokcopolymeren. 
Op deze manier kunnen nanoporeuze structuren worden gemaakt die mogelijk 
toegepast kunnen worden als membranen. 

Om de gevonden structuren te kunnen verklaren, zijn allereerst de verschillende 
aanwezige interacties onderzocht door de waarden van de relevante Flory-Huggins 
interactieparameters te bepalen. Dit is gedaan met behulp van een zogenaamde 
statistisch copolymeer mengbaarheidsstudie voor elk verschillend monomeerpaar. 
De resultaten laten zien dat 11.007.0 , << tBMASχ , 034.0031.0 , << tBOSSχ , 

09.004.0 ,4 << tBMAVPχ  en 43.039.0 ,4 << tBOSVPχ , terwijl reeds bekend was uit 

eerdere onderzoeken dat 35.030.0 4, << VPSχ . De waarden impliceren dat in het 

geval van de PtBMA-b-PS-b-P4VP triblokcopolymeren de-P4VP fase liever een 
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contactoppervlakte met de PtBMA fase vormt dan met de PS fase. Aangezien de 
PS fase vast zit aan P4VP, zal er type I frustratie aanwezig zijn. In het geval van de 
PtBOS-b-PS-b-P4VP copolymeren wordt geen frustratie verwacht. 

De aanleiding voor het gebruik van de PtBMA-b-PS-b-P4VP(PDP) 
triblokcopolymeercomplexen was de mogelijkheid er zogenaamde ladingsmozaïek 
membranen mee te maken. Dit zijn dunne films met alternerende, tegenovergesteld 
geladen poriën, waarmee geladen deeltjes uit vloeistoffen kunnen worden 
verwijderd. Men kan hier bijvoorbeeld een apparaat uit maken dat zout uit water 
haalt. De negatief geladen poriën kunnen worden gemaakt uit de PtBMA-blokken, 
terwijl de positieve poriën uit het P4VP(PDP)-kam-blok worden gemaakt. 

De PtBMA-b-PS-b-P4VP triblokcopolymeren werden met behulp van Atom 
Transfer Radical Polymerization (ATRP) gesynthetiseerd. Deze methode heeft een 
aantal nadelen, waarbij de relatief hoge polydispersiteit voor molecuulgewichten 
boven 10 kg/mol per blok het belangrijkste is. De aanwezigheid van drie 
verschillende fasen, noodzakelijk voor de toepassingen, kon met behulp van TEM 
niet onomstotelijk bewezen worden. Dit geldt voor zowel de triblokcopolymeren 
als hun complexen met PDP. Dit feit moet hoogstwaarschijnlijk worden 
toegeschreven aan de hoge polydispersiteit en daarom heeft het onderzoek zich 
verplaatst naar een verwant triblokcopolymeersysteem, één dat gesynthetiseerd kan 
worden door middel van anionische polymerisatie. 

Opeenvolgende anionische polymerisatie is één van de meest gecontroleerde 
polymerisatiemethoden. Er zijn echter wel een aantal beperkingen, zoals de 
volgorde van de blokken. De eerdergenoemde PtBMA-b-PS-b-P4VP 
triblokcopolymeren bijvoorbeeld kunnen niet (in deze blokvolgorde) worden 
gesynthesiseerd met behulp van drie opeenvolgende anionische polymerisaties 
omdat de reactiestap van PtBMA naar PS niet te controleren is. Ook is de ester-
binding van PtBMA onderhevig aan nucleofiele aanval door polystyryl anionen. 

Om deze redenen verschoof het onderzoek zich naar de PtBOS-b-PS-b-P4VP 
triblokcopolymeren, die wél met behulp van anionische polymerisatie kunnen 
worden gesynthetiseerd in de benodigde molecuulgewichten en de juiste 
blokvolumefracties. De SAXS- en TEM-analyse van de resulterende morfologiën 
bleek redelijk ongecompliceerd. Kern-corona cilindrische morfologiën werden 
gevonden waarbij de P4VP-kern wordt omgeven door een PS-corona, genesteld in 
een matrix van het PtBOS-blok. Deze assemblages zijn makkelijk te verklaren op 
basis van de relatieve waarden van de relevante interactieparameters. Aangezien 
het B/C-contactoppervlakte het ongunstigst is, wordt dit zo klein mogelijk 
gehouden, terwijl er zich meer A/B contactoppervlakte vormt. 

De P4VP-blokken werden vervolgens door middel van waterstofbrugvorming 
gecomplexeerd met PDP en de resulterende structuurvorming van het 
supramoleculaire complex werd bestudeerd. Het toevoegen van PDP aan de P4VP-
fase maakt de ongunstige interactie met het middelblok (PS) een stuk minder 
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ongunstig, terwijl het de volumefractie van het C-blok vergroot. De morfologiën 
die vervolgens werden gevonden verschilden hierdoor van de triblokcopolymeren. 
Voor de meeste complexen met één PDP-molecuul per 4VP-eenheid werden 
lamellaire structuren met drie fasen gevonden. 

Naast structuurgerelateerde informatie liet SAXS ook interessante 
verstrooiingsfenomenen zien. De eerste orde reflectie verscheen en verdween 
namelijk als een functie van temperatuur. Dit werd toegeschreven aan de specifieke 
aard van het systeem: de thermoreversibele waterstofbrugvorming tussen P4VP en 
PDP resulteert in een diffusie van een gedeelte van de PDP-moleculen van de 
P4VP-fase naar de twee andere fasen. Voor bepaalde temperatuursintervallen 
betekent dit dat de vormfactor voor verstrooiingsvectoren, corresponderend met de 
eerste orde verstrooiingspiek, gelijk is aan nul. Daarom is deze eerste orde piek 
afwezig voor deze temperaturen, terwijl pieken van een hogere orde wel aanwezig 
zijn. 

Uiteraard zijn lamellaire morfologiën niet de meest veelbelovende structuren 
voor membraantoepassingen, omdat het verwijderen van PDP tot gevolg zou 
kunnen hebben dat de structuur ineenklapt. Daarom is de zelf-assemblage van 
PtBOS-b-PS-b-P4VP triblokcopolymeren met verschillende hoeveelheden PDP 
ook onderzocht. Verrassend genoeg liet een bepaald sample met één PDP-molecuul 
per twee 4VP eenheden een gyroïde structuur zien, waarin de P4VP(PDP)-fase de 
gyroïde kanalen vormt. Dit is het eerste voorbeeld waarbij een dergelijk systeem 
een gyroïde morfologie laat zien. De gyroïde structuur is nog niet volledig 
gekarakteriseerd, omdat het SAXS-patroon niet geheel duidelijk is. Hierdoor is de 
precieze morfologie nog niet met zekerheid toe te kennen. Om dit op te lossen 
moeten er meer synchotron SAXS-experimenten uitgevoerd worden, alsmede 
langdurige relaxatie-experimenten. 

Het verwijderen van de amfifielen resulteerde in bicontinueuze nanokanalen, die 
van boven- tot onderkant van het monster lopen. Dit werd met SEM en SAXS 
bewezen. Dit materiaal heeft een hoge potentie om te worden toegepast als 
membraanmateriaal. 
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Bijna elke ex-promovendus die ik gesproken heb over zijn  of haar onderzoek wist 
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