
 

 

 University of Groningen

Supramolecular triblock copolymer complexes
Gobius du Sart, G.

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2009

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gobius du Sart, G. (2009). Supramolecular triblock copolymer complexes. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/8df83dad-0cf9-402d-a0ce-31a37d0fdfe6


 

CChhaapptteerr  11  
 

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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