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Chapter 1 

Introduction 

Due to their ability to microphase separate into well ordered structures with 
periodicities on the nanometer scale, block copolymers are ideal candidates 
as building blocks for the fabrication of nanomaterials. Especially thin films 
of block copolymers promise new technological breakthroughs in e.g. 
computer memory applications. After starting with a general introduction on 
block copolymers, this chapter gives a short overview of progress that has 
been made in preparing suitable thin films of conventional coil-coil diblock 
copolymer systems, while the advantages as well as the complexities of 
using more unconventional systems such as triblock copolymers and 
supramolecular systems are emphasized. The chapter ends with an 
overview of the experimental work on supramolecular systems of 
polystyrene-block-poly(4-vinyl pyridine) (PS-b-P4VP) diblock copolymers 
complexed with pentadecylphenol (PDP) that is presented in this thesis. 
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1.1  Polymers 

A polymer is a long chain molecule composed of covalently attached 
monomeric units. The most famous polymer is undoubtedly DNA, but 
other natural polymers such as proteins and polysaccharides have always 
played a prominent role in life on earth as well. Only relatively recently 
also synthetic polymers have become an irreplaceable part of our society. 
The first synthetic polymer, bakelite, was introduced in 1909.1 It was 
formed by a condensation reaction between formaldehyde and phenol and 
was widely used in casings for all sorts of appliances such as telephones 
and radios. However, at that time it was assumed that polymers consisted 
of clusters of low molecular weight molecules held together by an unknown 
force, called colloids. It wasn’t until 1922 that Hermann Staudinger 
proposed that polymers were composed of long chains of atoms held 
together by covalent bonds,2 a discovery that ultimately led him to win the 
Nobel Prize. Since then, a wide variety of polymerization techniques 
involving metal coordination, radical and ionic polymerizations have been 
developed,3 making the possibilities to polymerize different monomers 
almost endless, and nowadays, polymers are used in almost any thinkable 
application, ranging from children's toys to electronics.  

On a molecular level, these long chain molecules behave slightly 
different than low molecular weight compounds. Chemically different 
moieties usually interact less favorable than the corresponding pure 
components. Nevertheless, small molecule solvents are more frequently 
miscible than not, because the entropy gain of mixing often outweighs any 
negative interactions. Polymers on the other hand play by somewhat 
different rules because of their high molecular weight, which makes the 
amount of polymer molecules in a given volume considerably lower. Most 
translational entropy is converted to conformational entropy and as a 
consequence, the increase in translational entropy upon mixing is only 
very small. Only in the case of a positive or only slightly negative 
interaction between two polymers miscibility may in some cases occur. 
Usually, this is accomplished by using random copolymers of which the 
composition has to be carefully tuned. For example, 
polymethylmethacrylate (PMMA) can be blended with certain compositions 
of a polystyrene-co-polyacrylonitrile (SAN) copolymer. A good example of 
one of the few miscible homopolymer blends is the miscibility between 
polystyrene (PS) and poly(2,4-dimethyl-1,4-diphenyl oxide) (PPE).  

Blending is a very easy method to tune a material’s properties by 
simply adjusting the polymer composition. In general however, polymers 
do not mix, but phase separate instead, a property which is not as 
unfavorable as it may sound, as will shortly be explained. 
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1.2  Block copolymers 

Since the emergence of the earliest computers, which could easily fill 
an entire room, vast improvements in lithographic techniques have made 
hardware sizes continuously smaller, at the same time resulting in higher 
speeds and less energy consumed per computing function. Current 
lithographic techniques have already reached a periodicity of less than 100 
nm, however, as these techniques will eventually reach their limit with 
respect to costs and resolution, new methods to produce nanopatterns 
with a sub 100 nm periodicity are pursued in order to continue the 
downscaling trend. Several new, “unconventional” techniques for 
nanofabrication include molding, embossing, printing, scanning probe 
lithography (SPL), edge lithography, and self-assembly.4 Amongst these 
techniques, the self-assembly of block copolymers is widely considered as 
a feasible method, especially because of their low cost and ability to easily 
microphase separate in ordered domains with length scales that are not 
available with lithographic techniques.5 

 

 

Figure 1.1. Schematic pictures of some possible block copolymer architectures. 
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Block copolymers (Figure 1.1) are composed of two or more 
chemically distinct, and usually immiscible, polymer chains which are 
covalently bound together. In the case of two immiscible blocks, phase 
separation on the macro scale is no option as both blocks cannot detach 
from another and microphase separation in ordered microstructures with 
length scales on the order of ten to hundred nanometers will occur 
instead. Depending on the (temperature dependent) Flory-Huggins 
interaction parameter between the monomer units χ, the total length of the 
block copolymer N, and the composition f, different structures are formed 
due to the balancing of the enthalpic interfacial energy between the blocks 
and the entropic chain stretching energy of the individual blocks. Body 
centered cubically (BCC) packed spheres, hexagonally packed cylinders 
and alternating lamellae are most common for conformationally symmetric 
diblock copolymers. For weaker segregation (χN ≤ 40) other morphologies, 
such as the bicontinuous gyroid or hexagonally perforated lamellae, can 
also be observed (Figure 1.2).6,7 Also in solution, block copolymer systems 
may form many interesting micellar structures depending on the used 
solvents and preparation conditions,8 this is however beyond the scope of 
the research presented in this thesis. 

 

Figure 1.2. Theoretical phase diagram for a conformationally symmetric diblock
copolymer melt. S = spherical, C = cylindrical, L = lamellar, G = gyroid, Scp = closely 
packed spherical. The perforated lamellar phase which is not addressed in the 
picture is believed to be a metastable state between G and L. 
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The potential use of block copolymers for nanotechnology 
applications stems from the intrinsic differences between the microphase 
separated polymer blocks. For example, blocks may have different etch 
resistances to solvent or radiation. If the majority (matrix) block is 
selectively etched away, this results in nano-objects such as nanospheres 
and nanocylinders, however, more often the minority block is selectively 
removed, resulting in nanoporous structures. These may be used for 
microfiltration purposes, but also serve further use as templates to 
produce a wide scale of functional materials.9 Also without selective 
etching, a variety of applications remains possible. For example, 
differences in electronic conductivity or dielectric contrast may be exploited 
for nano-electronics and photonics applications.10,11 

One of the biggest drawbacks that has been in the way of a large 
scale use of block copolymers for nanotechnological applications however, 
is the poor long range order of the microphase separated domains. Even 
though the alignment of these domains can be perfect over a length scale 
of up to several tens of microdomain periods, samples remain 
macroscopically isotropic. Methods that are used to improve long range 
order in bulk samples usually include flow fields such as oscillatory shear 
or extrusion, however, other methods such as electric field alignment have 
also successfully been used.12 

1.2.1  Block copolymer thin films 

Many interesting nanotechnological applications of block copolymers 
require the ordering of block copolymers in thin films. For example, a 
highly ordered hexagonal dot pattern obtained from a thin film of a 
cylindrical or spherical block copolymer can be used in memory 
applications, whereas the inverse morphology can serve as a nanoporous 
membrane. At first sight, the reduction from three to two dimensions 
seems to be an advantage in tackling the above mentioned alignment 
issue, however, surface interactions very much complicate the phase 
behavior. The block that has the lower surface free energy will 
preferentially segregate at the air interface, whereas the block with the 
lowest interfacial energy, which may be the same block, will segregate at 
the substrate interface, leading to a preferred parallel orientation of 
microdomains.13-16 However, if the thickness of the film is incommensurate 
with the microdomain period, for example because the film is confined 
between two rigid interfaces, or if it is simply kinetically trapped, the 
microdomains can be forced to orient perpendicularly or assume other 
non-equilibrium structures.17,18 Nevertheless, when an unconfined 
lamellar film is given the chance to equilibrate, for example by annealing at 



16   Chapter 1 

 

temperatures above the Tg of both blocks, it will usually form terraces with 
thicknesses that are a multiple of the microdomain period (Figure 1.3).13,19 
In regions between terraces, the thickness is still incommensurate with the 
microdomain period, and other non-equilibrium structures are a 
possibility. 

In case of symmetric wetting conditions, where both blocks wet the 
same interface, the thickness of a lamellar terrace is given by d = nL. For 
asymmetric wetting conditions, this changes to d = (n + ½)L. Only in the 
case of neutral surfaces, perpendicular lamellae will form spontaneously. 
This has been accomplished by using polymer blocks with similar surface 
properties or by adjusting the substrate, for example by coating it with a 
random copolymer brush.20 In the case of a neutral surface in combination 
with a strongly preferential surface, hybrid structures of parallelly and 
perpendicularly oriented domains are also possible.17 For cylinder forming 
block copolymers, the structure formation behavior is excessively more 
complicated due to the possibility of surface reconstructions. Surface fields 
may be strong enough to change the surface morphology of a cylinder 
forming block copolymer to adapt to the planar symmetry of the substrate. 
These surface fields extend into the film to about 1.5 microdomain spacing 
deep and for a cylindrical A3B12A3 triblock copolymer with symmetric 
wetting conditions the surface morphology has been found to change from 
a half lamellar wetting layer for an A attractive surface to perpendicular 
cylinders, parallel cylinders, perforated lamellae and finally full lamellae 
for a more B attractive surface.21 For very thin films, the effects of both 
surfaces combine and the transitions occur for weaker surface fields 

 

Figure 1.3. Schematics of terrace formation in lamellar block copolymer thin films,
showing symmetric and asymmetric wetting. Reproduced with permission from ref.
12. Copyright 2007, Elsevier. 
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(Figure 1.4). In the case of asymmetric wetting, thin films may possess a 
wide variety of hybrid structures such as cylinders with necks.22 

The phase behavior of thin films of block copolymers forming a 
spherical morphology has not been extensively studied, but can be 
expected to be even more complex due to the three dimensional nature of 
the BCC morphology. Such systems are known to orient in a closely 
packed hexagonal (HEX) arrangement, because this morphology minimizes 

 

 

Figure 1.4. Dynamic density functional theory simulation results for the effect of the
strength of the symmetric surface field εM on microdomain structures and surface 
reconstructions of an A3B12A3 melt for (top) a film with a thickness of 9 times the
cylindrical period and (bottom) a film with a thickness of 1 cylindrical period. For a
strongly A attractive surface (negative εM values), the surface is reconstructed to form 
a half lamellar wetting layer, which changes to perpendicular cylinders, parallel
cylinders, perforated lamellae and finally a full lamella for a more B attractive
surface. In very thin films, the effects of both surfaces combine and the transitions to
non-cylindrical structures occur for weaker A or B attractive surface fields. Reprinted
with permission from ref. 21. Copyright 2004, American Institute of Physics. 
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packing frustrations in thin films.23 In three dimensions the BCC lattice 
reduces packing frustration, hence it is not strange that several studies in 
the group of Kramer have indicated packing transitions in these films. For 
example, a layering transition from HEX to face-centered orthorhombic 
(FCO) packing with an in-plane symmetry intermediate to that of the 
hexagonal lattice and the BCC (110) plane has been found upon increasing 
the film thickness of a spherical polystyrene-block-poly(2-vinyl pyridine) 
(PS-b-P2VP) block copolymer from 4 to 5 layers.24,25 In frustrated films, 
other packing morphologies such as face centered cubic (FCC) have also 
been found.26 Furthermore, the spherical morphology does not contain any 
continuous block copolymer interfaces along which block copolymer 
chains can redistribute, and in contrast to symmetric block copolymers, 
whose microdomains disorder directly into the homogeneous state through 
a single ODT, these asymmetric block copolymers go through a series of 
transitions from spheres on an ordered lattice, to disordered spheres, to a 
homogeneous state. Both of these effects further influence their ordering 
mechanism in thin films.27-29 Together with the presence of possible 
surface reconstructions for strong surface fields, this provides a 
challenging puzzle for future research of block copolymer thin films with a 
spherical morphology. 

A separate class of thin films are surface micelles. These are formed 
in ultrathin films, with a thickness much less than a microdomain 
spacing. The surface structures are a result of the absorption of single 
polymer chains on substrates, rather than of absorption of clusters of 
molecules.30 

 Solvent annealing of thin films 

Thin film behavior becomes even more complicated when instead of 
temperature annealing, solvent annealing is used to improve the order in 
the films. For temperature annealing, the window between the highest Tg of 
the blocks and the lowest degradation temperature of the involved 
components might only be very small. When using solvent annealing, 
mobility is easily induced in the system without the danger of degradation, 
and the time scale of structure formation is significantly reduced.31 In 
some cases, the long range order can even be greatly improved.32-34 

However, the obtained structures do most often not correspond to the 
thermodynamic equilibrium morphology, as besides χ, N, f and the surface 
interactions, the morphology also depends on the selectivity of the solvent, 
the solvent evaporation rate and the vapor pressure. Fast solvent 
evaporation directly after casting of a film is known to kinetically trap non-
equilibrium structures, which are usually not well ordered, whereas slower 
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evaporation usually approaches the thermodynamic equilibrium 
morphology, depending on whether or not the polymer has enough 
mobility to form an ordered morphology at low solvent concentrations.35 
Solvent evaporation after annealing is therefore usually performed fast, in 
order to retain the non-thermodynamic equilibrium but usually well 
ordered morphology that was obtained during annealing. Annealing in a 
selective solvent for example, results in preferential swelling of one of the 
domains, thereby changing the effective block composition and possibly 
also the “equilibrium” morphology at the used swelling ratio. It is obvious 
that high concentrations of a selective solvent change the effective block 
composition more drastically than lower concentrations, explaining why 
the morphology of a system may be changed from e.g. lamellar to 
cylindrical to spherical by increasing the vapor pressure of a matrix 
selective solvent.36 Furthermore, a solvent may also change the 
interactions with the air interface, as the interface to be considered 
effectively changes from air to an air/solvent mixture. Therefore, high 
vapor pressures have been known to stabilize perpendicular morphologies 
due to balancing the surface interactions.37 Furthermore, due to the higher 
mobility of a solvent swollen polymer compared to thermally annealed 
systems at a given χN value, classical defects such as dislocations and 
disclinations are more rapidly removed resulting in larger grains, however, 
new types of defects can be observed.38 

 

Figure 1.5. AFM height image of a binary mixture of polystyrene-block-poly(methyl 
methacrylate) (PS-b-PMMA) diblock copolymers on a patterned grating. In the grooves
of the grating, well ordered perpendicular PMMA cylinders in a PS matrix can be
observed. Reproduced with permission from ref. 45. Copyright 2007, WILEY-VCH 
Verlag GmbH & Co. KGaA. 
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1.2.2  Templating with thin films 

Neat alignment of the microphase separated structures is important 
for technical use. Due to the strong surface interactions, thin films can 
usually indeed be quite well aligned with respect to the surface,39 however, 
as surface fields usually induce a parallel orientation, while films with a 
perpendicular orientation of (especially cylindrical) microdomains offer the 
most interesting possibilities for the fabrication of nanomaterials, a lot of 
effort has been given into redirecting the preferred microdomain 
orientation. This has been accomplished by the use of electric fields, 
solvent interactions, and confinement effects or surface modifications to 
yield neutral surfaces, of which a large number of examples can be found 
in ref. 12. Also the use of sufficiently rough substrates can induce a 
perpendicular orientation.40 Alignment in the other two dimensions 
parallel to the surface also remains an important issue. Of course, 
techniques such as shear flow and electric fields can again be used, 
although applying shear to a thin film is not straightforward.12 However, 
the most promising alignment method still seems to be graphoepitaxy, 
whereby block copolymer self-assembly is guided along the features of a 
lithographic pattern (Figure 1.5).41-50 

In such a case, the size limits of the lithographic pattern may seem 

Figure 1.6. (a) Top-down and side view schematics of polystyrene-block-
polydimethylsiloxane (PS-b-PDMS) block copolymer chains surrounding a nanopost
which is functionalized by a PDMS brush. (b) SEM image and Fourier transform of a 
poorly aligned monolayer of spherical microdomains (without templating). (c) SEM 
image and Fourier transform showing well ordered spheres formed within a lattice of
nanoposts (brighter dots) functionalized with PDMS (as schematically shown in a). (d) 
As c, but now the nanoposts have been functionalized with PS chains. From ref. 51. 
Reprinted with permission from AAAS. 
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to nullify the advantage of the high pattern density of the block copolymer, 
however, the length scale of the lithographic pattern may be many times 
larger than the microdomain spacing and by using asymmetric patterns 
(wide trenches and short raised areas) the pattern density can still be 
greatly increased. Furthermore, in a recent study, Bita et al.51 have even 
succeeded in incorporating the lithographic pattern into the polymer 
structure, by adjusting the surface chemistry of a hexagonal dot pattern to 
match one of the blocks of a spherical block copolymer. The hexagonally 
packed dots could replace one sphere in the polymer pattern, resulting in 
highly ordered structures (Figure 1.6). 

Lithographic patterns in the form of an adjusted surface chemistry of 
the flat substrate have also been used, although in this case the pattern 
usually has the same periodicity as the block copolymer.52-55 
Incommensurate patterns result in novel complex nanostructures,56 
whereas patterns with a multiple of the periodicity recently proved to be 
able to multiply the density of a pattern (Figure 1.7).57,58 

  

Figure 1.7. Schematics showing the process to create lithographically defined
prepatterned surfaces and subsequent self-assembly. The patterns are first applied 
to a PS brush by e-beam lithography (a), after which plasma etching produces
chemical contrast on the substrate (b). When the spin-coated block copolymer layer (c) 
is annealed, the pattern is transformed to the polymer layer (d). Using a pattern with
the same periodicity as the microphase separation results in a highly improved order
(e), whereas using a double periodicity results density multiplication (f). From ref. 58.
Reprinted with permission from AAAS. 
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It goes without saying that thin films of block copolymers have been 
used excessively as templates for the formation of nano-structured 
materials. Two extensive reviews on block copolymer thin films have 
addressed this issue,17,59 and also recent reviews on block copolymers in 
general address several thin film applications.9,12,60 Therefore only some 
representative examples will be highlighted. 

Park et al. were the first to develop block copolymer lithography as 
an alternative to conventional lithography techniques.61 They selectively 
removed the spherical PB block of a PS-b-PB microphase separated block 

 

Figure 1.8. Schematic representation of the universal block copolymer lithography
process. (a) A target material film is deposited onto a silicon substrate. (b) The 
surface is functionalized with a neutral organic monolayer. (c,d) A PS-b-PMMA 
diblock copolymer is spin-coated on top of the modified substrate and thermally
annealed to produce perpendicular PMMA cylinders. (e) PMMA is selectively etched 
away. (f) The nanostructured template is used as an etch mask. (g) Remaining 
polymer is removed, resulting in a nanopatterned surface. Reproduced with 
permission from ref. 62. Copyright 2008, WILEY-VCH Verlag GmbH & Co. KGaA. 
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copolymer thin film by ozonization, after which reactive ion etching was 
used to transform the pattern to silicon nitride. The exposed silicon nitride 
was etched away before the etch front had proceeded through the 
remaining PS matrix, resulting in holes in the silicon nitride. Also, they 
already developed the principle of increasing etch contrast by selectively 
staining the PB domains with OsO4. In this case, RIE resulted in silicon 
nitride dots, as now the PS matrix domains were etched away quicker than 
the stained PB domains. In a more recent example Jeong et al.62 were able 
to universally apply the etch process to a wide range of materials by 
applying them with a neutral organic monolayer before coating them with 
cylindrical PS-b-PMMA, which as a consequence oriented perpendicularly. 
PMMA was selectively removed, after which the nanoporous polystyrene 
was used as an etch mask to create the nanopatterned material (Figure 
1.8). 

Besides as etch masks, the emptied pores of a block copolymer 
template have also often been used as nanoreactors to grow nanowires of 
other organic and inorganic materials, either electrochemically or by filling 
the pores with a precursor that reacts to the desired component by 
exposing the pores to reactant vapors or radiation.63-67 Also without first 
selectively removing one of the blocks, there still remain plenty of 
possibilities to create nano-materials. There are numerous examples of 
selective decoration, whereby one of the microphase separated polymer 
blocks selectively binds nanoparticles,68-77 which usually results in wire-
like arrays of metallic nanoparticles.68-73 Continuous wires have recently 
been obtained by Chai et al. who selectively incorporated metal ions in the 
cylindrical P4VP blocks of a PS-b-P4VP block copolymer thin film, which 
after removal of the polymer by plasma treatment resulted in metallic 
nanowires (Figure 1.9).78,79 

Of course, nanoparticles and precursors do not need to be 
incorporated after the block copolymer self-assembly has taken place. They 
can also be added in advance, and take part in the structure formation. In 
this case, they can influence phase behavior and interfacial interactions, 
which may be a great advantage, something which will be illustrated in 
section 1.3. 

Much interesting work has also been performed on templating with 
thin films of block copolymer micelles. In this case however, if no post-
annealing of the film is performed in a non- or partially-selective solvent, 
structure formation takes place in solution rather than in the thin film and 
casting of such films usually results in quasi hexagonal order. Hence the 
subject will be omitted here, only pointing out a review and several 
research papers.80-92 
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1.3  Thin films of complex systems 

Although the physics of simple coil-coil diblock copolymers are by 
now quite well understood, and many interesting applications have been 
investigated, the physics and applications of more complicated systems 
remain relatively unexplored. Especially thin films of such systems may 
have several advantages over simple coil-coil diblock copolymers. For 
example, the use of triblock copolymers may lead to new thin film 
morphologies not available for diblock copolymers, while functional 

 

 

Figure 1.9. Schematic showing the process of creating metallic nanowires. A micellar 
solution of PS-b-P2VP in toluene is coated onto a silicon substrate and is thermally
annealed to form a single layer of parallelly oriented P2VP cylinders in a PS matrix.
In an acidic medium, P2VP is selectively swollen due to protonation and pierces the 
PS layer, after which it is loaded with metal salts. The polymer is removed upon
plasma treatment, resulting in continuous metal wires. SEM pictures of the wires are
shown beneath. Reprinted in part with permission from ref. 79. Copyright 2008, 
American Chemical Society. 
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polymers for electronic and photonic applications are usually rod-like. 
Combining these rod-like polymers with a coil block may lead to block 
copolymer thin films with interesting electronic properties. Furthermore, 
additives may easily provide a system with desirable functionalities, while 
they may also be used to tune the interactions within a film, facilitating 
formation of the desired structure and/or orientation. However, thin film 
behavior of such “new” systems is far from well-known. The final part of 
this review will therefore deal with the thin film behavior and applications 
of these more complex systems, notably supramolecular systems, in order 
to create a better understanding of these systems and highlight their 
advantages. 

1.3.1  Functional block copolymers 

We will start our list of complex systems with some examples of 
diblock copolymers that behave different from simple coil-coil systems, for 
example because one of the blocks is rod-like, or because the blocks are 
otherwise functionalized. 

Most conducting polymers are rod-polymers, and control of the 
polymer morphology and structure on the 10 nm length scale of exciton 
diffusion can largely increase the efficiency of devices. This can be 
accomplished by using microphase separation of rod-coil block 
copolymers. These systems exhibit extremely rich self-assembly behavior 
compared to traditional coil-coil block copolymers, due to the interplay 
between microphase separation between the rod and coil block, and liquid 
crystalline alignment of the anisotropic rod blocks. The morphologies of 
these systems are susceptible to kinetic trapping, and thin film 
morphologies therefore also quite often depend on film deposition and 
processing conditions, leading to a variety of interesting structures, which 
are described in a thorough review on rod-coil diblock copolymers.93 
Recently however, Olsen et al. have been able to study the equilibrium self 
assembly of weakly segregated lamellar poly-2,5-di(2’-ethylhexyloxy)-1,4-
phenylenevinylene-block-polyisoprene (DEH-PPV-b-PI). Comparable to coil-
coil diblock copolymers, these systems also form holes and islands of 
parallelly oriented microdomains, due to preferential wetting of the 
substrate with PI. The perpendicular lamellae at the edges of islands are 
characterized by a long persistence length and break rather than bend at 
defect sites due to the high bending modulus of the liquid crystalline PPV 
domains. Therefore, islands have a highly irregular polygon shape, the 
straight edges being bounded by the perpendicular domains.94 Only for coil 
fractions around 72 vol % coil block, square grains are formed as a result 
of the growth along orthogonal low-surface-energy directions induced by 
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the tetragonal crystal lattice in the rod-rich nanodomains. Kinetic barriers 
at lower coil fractions and disordering of the lattice at higher coil fractions 
prevent these highly regular structures for a wider range of coil fractions 
(Figure 1.10). 95,96 

Naturally, there are many more examples of functional blocks. For 
instance, block copolymers with an organometallic block naturally possess 
a large etch contrast and can therefore successfully be used as etch 
masks,97 while simple heating may result in nanostructured ceramics.98 If 
one of the blocks is functionalized with covalently attached liquid 
crystalline (LC) side-chains, a perpendicular orientation of microdomains 
may easily be stabilized by the tendency of the LC layers to orient parallel 
to the surface.99-102 Furthermore, the use of a crystallizable block leads to a 
variety of interesting observations, as the resulting morphology of these 
systems is an interplay between microphase separation, crystallization of 
the crystallizable block and thin film interactions (see for examples ref. 103 
and references therein). And of course, the list of functional block 
copolymers is far from complete, as new polymerization techniques have 
widely increased the possibilities to polymerize different monomers,3 
creating novel opportunities to synthesize functional block copolymers. 

 

Figure 1.10. AFM phase images of PPV-b-PI rod-coil diblock copolymers. Alternating 
light and dark regions represent lamellae oriented perpendicular to the surface,
whereas large featureless regions represent parallel lamellae. The high moduli of the
liquid crystalline nanodomains leads to out of plane lamellae with long persistence 
lengths, resulting in grains with irregular polygon shapes (left picture). Square grains 
are formed for a very small composition window and can be observed in the picture
on the right. Reprinted in part with permission from ref. 94 & 95. Copyright 2007 & 
2008, American Chemical Society. 
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1.3.2  ABC triblock copolymers 

Due to the extra C component in triblock copolymers, the number of 
involved interaction parameters increases from 1 (χAB) to 3 (χAB, χBC and 
χCA). Therefore, in bulk, linear ABC triblock copolymers can exhibit a vast 
variety of microphase separated structures.104,105 These have been much 
less studied as tools for nanotechnology applications and especially 
investigations on thin film behavior are rare, even though they may 
potentially be more versatile than binary block copolymer morphologies 
due to the increased complexity. Can interaction with the interface already 
greatly enhance the variety of structures that can be obtained for AB 
diblock copolymers, this is certainly true if an extra component C is 
attached.106 Some theoretical papers have dealt with triblock copolymer 
thin films.107-111 The most striking result found for a bulk lamellar triblock 
copolymer was that in the case of B attractive interfaces, any surface 
imbalance whatsoever could stabilize a perpendicular orientation.109-111 
This means that there is no need to confine the films, the perpendicular 

 

Figure 1.11. SEM (a, c-f) and AFM (b) images of surface structures found in a single 
thin film of SVT triblock copolymer. Reprinted with permission from ref. 118. 
Copyright 2005, American Chemical Society. 
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morphology will spontaneously form in a film simply spin coated onto a B 
attractive substrate. Given the fact that most nanotechnology applications 
require a perpendicular domain orientation, triblocks could therefore 
possess a distinct advantage over diblocks as there is no need to perform 
extra reaction steps in order to establish neutral surfaces. Many 
experimental work on ABC triblock copolymer thin films has been 
performed in the group of Krausch. For examples, Elbs et al. could 
facilitate identification of the different phases of a polystyrene-block-poly(2-
vinylpyridine)-block-poly(tert-butyl methacrylate) (SVT) thin film by short 
treatment in different solvent vapors, and qualitatively proved the above 
mentioned theoretical results.112 Subsequent studies not surprisingly 
indicated a large morphology dependence on the annealing vapor and 
drying conditions.113-115 Rehse et al. for the first time demonstrated the 
presence of non-bulk surface-reconstruction morphologies using 
polystyrene-block-polybutadiene-block-poly(methyl methacrylate) (SBM), 
polybutadiene-block-polystyrene-block-poly(methyl methacrylate) (BSM) 
and polystyrene-block-polybutadiene-block-poly(tert-butyl methacrylate) 
(SBT),116 and Ludwigs et al. systematically studied the phase behavior of 
SVT thin films and could match these results to simulations based on self-
consistent field (SCF) theory.117,118 They concluded that confined systems 
are very sensitive to small changes in the energetic interaction between the 
different components, leading to a wide variety of possible surface 
reconstructed morphologies (Figure 1.11). 

Amongst other morphologies, they found a stable and highly ordered 
perforated lamellar phase, which could find use in membrane applications. 
The high order was presumably caused by the bicontinuous nature of the 
morphology. The perforated lamella phase is continuous in all three 
components, which aids chain diffusion within the film.119 Studies by other 
groups have also illustrated the large dependence of the thin film 
morphology on the substrate interactions, solvent annealing conditions 
and film thickness. 32,120-123 

1.3.3  Supramolecular systems 

The combination of supramolecular principles with microphase 
separation of diblock copolymers provides several benefits for 
nanomaterials fabrication.124,125 The morphologies that can be obtained by 
incorporating additives which have specific interactions with one of the 
blocks are basically the same as those of diblock copolymers, as this 
effectively swells of one of the blocks, however, interactions such as 
hydrogen bonding and ionic bonding between a diblock copolymer and a 
low molecular weight chain like amphiphile can result in so called 
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structure-within-structures if there is sufficient repulsion between the 
polar backbone and the nonpolar alkyl tails.126 Ruokolainen et al. first 
demonstrated this concept by hydrogen bonding pentadecylphenol (PDP) to 
the P4VP block of a PS-b-P4VP diblock copolymer, forming comb-shaped 
supramolecules.127 PDP microphase separates from the P4VP block, 
forming short length-scale lamellae with a period of ~4 nm below an ODT 
of ~60 °C for a 1:1 ratio of PDP:4VP, while PS and P4VP microphase 
separate on a longer length scale, forming all the classical block copolymer 
phases, depending on the weight fraction of PS and the P4VP(PDP) comb 
(Figure 1.12).128 Other ratios of PDP:4VP are also possible, however, then 
the comb has a lower ODT.129  

Several functional materials may be derived from these hierarchical 

 

Figure 1.12. Morphology diagram of PS-b-P4VP(PDP)1.0 as a function of the weight 
fraction of the P4VP(PDP)1.0 comb at room temperature (reconstructed using the data
in ref. 128), and schematic representations of the structures-within-structures. Mw

refers to the nominal total molecular weight of the complete supramolecule. The prime
symbol refers to the case where PS forms the matrix. HPL = hexagonally perforated 
lamellae. For L-in-HPL and G-in-L the small lengthscale lamellar structure is not 
drawn. 
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structures. If the P4VP block of the PS-b-P4VP is first transformed into a 
polysalt by complexing with a strong acid such as MSA or TSA, and 
subsequently hydrogen bonded with PDP, the hierarchically structured 
samples exhibit switchable protonic conductivity when heating and cooling 
the sample through an ODT between lamellae and cylinders.130 Fast 
orientational switching of hydrogen-bonded side-chain liquid-crystalline 
block copolymers in an alternating current (AC) electric field has been 
reported by Chao et al.131 The non-covalent nature of the bonds results in 
a considerably higher mobility of such systems, facilitating such 
orientational switching and the formation of ordered structures in general. 
Furthermore, the effective swelling by the long side chains may lead to the 
large periodicities required for photonic bandgap materials,132 and 
generally, by the addition of an extra component through non-covalent 
interactions the size of the microdomains and the morphology can easily 
be tuned by changing the amount of additive whilst using the same block 
copolymer. Furthermore, new functionalities can be incorporated,124,133 an 
additive may easily be washed away, resulting in nanoporous structures or 
nano-objects with hairy pore or object walls which may be further 
functionalized, and by choosing the right additive, surface interactions 
within thin films can be tuned.  

 

Figure 1.13. Cylinders-within-lamellae and lamellae-within-cylinders formation of PS-
b-P4VP(PDP) supramolecules. Washing away PDP results in nanorods and
nanoporous structures. 
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From a templating point of view, two morphologies, namely cylinders-
within-lamellae and lamellae-within-cylinders are especially interesting, as 
they can easily be transformed to nanorods and nanoporous membranes, 
respectively, by simply washing away the additive. In this case, the 
structure-within-structure morphology is not very important, however, in 
the case of PS-b-P4VP(PDP) comb-shaped supramolecules, the advantages 
of the increased mobility of the systems, possible functionalization of the 
P4VP coated cylinder or pore walls, and the easy adjustment of the 
nanorods or nanopore size by changing the amount of PDP remain (Figure 
1.13). 

Thin films of PS-b-P4VP(PDP) supramolecules have been investigated 
by Tung et al.134 Annealing these systems at low chloroform vapor 
pressures resulted in the classical structures, with the large length scale 
oriented perpendicular to the substrate for high P4VP(PDP) fractions.134 In 
the case of P2VP-b-PEO hydrogen bonded with mesogenic groups, also 
able to form structures-within-structures, the preferred orientation of the 
liquid crystalline layers parallel to both interfaces stabilized a 
perpendicular orientation of the microdomains, comparable to the covalent 
counterparts in refs. 99-102.135 

 Small organic molecules 

Most supramolecular interactions however do not lead to hierarchical 
structure formation. Studies on thin films of PS-b-P4VP diblock 
copolymers hydrogen bonded with a small molecule, not necessarily 
forming hierarchical structures, have notably been performed by Stamm 
and coworkers,136-144 who used 2-(4’-hydroxybenzeneazo)benzoic acid 
(HABA).139-143 Sidorenko et al. concluded that the orientation of a 
cylindrical PS-b-P4VP(HABA) assembly could be switched by annealing in 
different solvents. Annealing in chloroform resulted in terraces of parallelly 
oriented cylinders, whereas annealing in dioxane resulted in a 
perpendicular orientation.139,140 Washing away HABA from the 
perpendicular cylinders resulted in a porous structure, which could be 
filled with metal to fabricate an array of nanodots.139 Reactive ion etching 
(RIE) of the nanoporous structure on silicon produced patterned silicon,141 
and nanoporous films could also be carbonized by plasma immersion ion 
implantation.142,143 Liang et al. used complexation of resorcinol and the 
P4VP block of PS-b-P4VP to create PS cylinders in a P4VP(resorcinol) 
matrix. Slow evaporation after annealing in DMF/benzene vapor resulted 
in a perpendicular orientation of the cylinders. Subsequently, resorcinol 
was cross linked by exposing the film to formaldehyde vapor. After 
pyrolysis of the structures PS-b-P4VP was almost completely degraded, 
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whereas resorcinol-formaldehyde resin is a good carbon precursor, 
resulting in well ordered porous carbon films, not easily obtainable with 
pure diblock copolymer systems because of the low carbon yields after 
pyrolysis.144 In a similar study, Rodriguez et al. hydrogen bonded PS-b-
P4VP with environmentally benign carbohydrates such as sucrose, 
turanose and raffinose. Annealing in a DMF/benzene vapor mixture 
resulted in a perforated lamellar structure, after which high temperature 
treatment removed PS fragments and carbonized the carbohydrates and 
partial P4VP fragments, resulting in a porous carbon structure, e.g. to be 
used in catalytic applications.145 Very recently, Son et al. used a small 
amount of oleic acid (OA) to induce a perpendicular orientation in PS-b-
PMMA thin films. As a surface active agent, OA segregated at the air 
interface, thereby providing neutral surface boundary conditions with 
respect to PS and PMMA. Combined with energetically neutral substrates, 
high aspect ratio perpendicular patterns could be obtained.146 

 Supramolecular block copolymers 

Another, in some respects even simpler, case of supramolecular 
interactions involves the presence of these interactions in the main chain. 
Instead of by covalent bonds, the blocks in supramolecular block 
copolymers are connected by non-covalent interactions such as hydrogen 
bonds or metal-ligand coordination. In metallo-supramolecular block 
copolymers, both blocks have a ligand end group, –[. Combining A-[ and  
B-[ blocks with a metal ion M results in A-[M]-B diblock copolymers. 
Research in the group of Schubert and Gohy has been devoted to self-
assembly of systems, which have ruthenium ions as the metal, complexed 
with terpyridine ligands attached to PS and PEO.147 In bulk, the 
electrostatic interactions between the metal-ligand complex (MLC) ions and 
their counterions drives them to form aggregates,148 resulting in 
morphologies that are different from their covalent counterparts. 
Furthermore, different counterions lead to other morphologies.149 A thin 
film morphology library of 16 PS-[Ru]-PEO block copolymers composed of 4 
different PS multiplied by 4 different PEO blocks has been composed by 
Lohmeijer et al.150 Thin films of systems that formed PEO cylinders in a PS 
matrix had a perpendicular orientation over a wide range of film 
thicknesses after spin coating, which could be improved by annealing in a 
polar solvent, due to the Ru acting as a middle block which is strongly 
incompatible with the other blocks and has a strong affinity to the 
substrate.151 Reoxidation of RuII to RuIII in aqueous medium resulted in 
washing away of the PEO, creating a nanoporous medium.152 
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 Homopolymer addition 

The simplest example of supramolecular interactions is the addition 
of homopolymer, by which the size of the microdomains can be tuned by 
changing the amount and molecular weight of the homopolymer. In bulk, 
homopolymer with a considerably lower molecular weight than the 
corresponding block of the block copolymer tends to be solubilized 
throughout the corresponding domains, whereas higher molecular weights 
will result in segregation of the homopolymer in the middle of these 
domains. In the last case, the microdomain spacing increases more 
drastically, but in both cases, macrophase separation will eventually occur 
for high amounts of homopolymer.153 

The same behavior was found in thin films of lamellar PS-b-PMMA 
mixed with high and low molecular weight homopolymers.154 In thin films 
of cylindrical PS-b-PMMA, Jeong et al. found an increased miscibility 
between PMMA homopolymer and the cylindrical PMMA block as compared 
to bulk samples, and PMMA also seemed to be more localized in the middle 
of the domains. This localization increase was even higher when 
poly(ethylene oxide) (PEO) homopolymer was mixed with PMMA.155 
Addition of PEO and PMMA homopolymer to a PEO cylinder forming PS-b-
PEO diblock copolymer also resulted in easily tunable sizes and center-to-
center distances of the microdomains.33 When homopolymer was added to 

 

Figure 1.14. Chain-packing model for (left, a) a diblock copolymer and (right, b) a 
diblock copolymer/homopolymer blend. The dented-triangular interstitial regions 
must be filled by the elongated block chains in (a), while they can be filled by the 
homopolymer chains in (b). Reprinted with permission from ref. 156. Copyright 2007, 
American Chemical Society. 
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the corresponding majority block of cylindrical PS-b-PMMA, this led in 
both cases (PS cylinders and PMMA cylinders) to an increased tendency 
towards a perpendicular orientation. Addition of homopolymer induced 
conformational entropic relaxation of the block chains in the matrix due to 
the homopolymer filling up the spaces between cylinders, which stabilized 
hexagonal packing of the cylinders. The driving force for the cylinders to 
form a hexagonal lattice could overcome the requirement to achieve a 
minimum interfacial energy by other morphologies for incommensurable 
film thicknesses (Figure 1.14).156 

In another thin film homopolymer miscibility study, Yoo et al. 
concluded that poly(vinylidene fluoride) (PVDF) was segregated in the 
middle of parallelly oriented PMMA lamellae of a PS-b-PMMA diblock 
copolymer. This was chosen as a model system because PVDF is a well 
known ferroelectric polymer, which could be used in nanoscale 
ferroelectric devices.157 New morphologies can be achieved when instead of 
a homopolymer, a diblock copolymer is added. Guo et al. found various 
uncommon morphologies in thin films of binary mixtures of polystyrene-
block-polybutadiene (SB) diblock copolymers with comparable molecular 
weight but different composition annealed in several solvents and at 
different vapor pressures.158 On the other hand, when using symmetric PS-
b-PMMA block copolymers of comparable composition but different 
molecular weight, Mayes et al. found that parallel lamellae were formed 
with the short chains localized to the PS/PMMA interface and the long 
chains enriching the domain centers.159 

 Nanoparticles 

Finally, we turn to the addition of inorganics. As written in the 
introduction, block copolymers have been used excessively as templates to 
create arrays of nanoparticles, either by selective decoration of one of the 
microphase separated blocks after self assembly, or by first removing one 
of the blocks after which nanoparticles were deposited. Due to the highly 
ordered nanoscale arrangement of the nanoparticles, these nanoparticle-
polymer composites can find abundant use in opto-electronic and 
microelectronic devices. However, nanoparticles do not need to be 
incorporated after self assembly, and can also be directly involved in 
structure formation.160-163 Surface modification of the nanoparticles is 
always necessary in order to prevent aggregation within the polymer 
matrix. The modification method then determines in which block the 
particle is preferentially segregated. Coating with for example a random 
AB-copolymer will drive the particles near the AB interface, whereas 
coating with homopolymer will preferentially drive the particles toward the 
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corresponding block.164 The spatial distribution can furthermore be tuned 
by the size and concentration of the particles. Large particles tend to be 
located at the center of the preferred block copolymer domain, due to the 
otherwise conformational entropy loss by the significant stretching of the 
corresponding blocks having to move around the particles, whereas 
smaller particles are driven to the A-B interface, due to the higher 
translational entropy of the nanoparticles, this time not outweighed by the 
conformational entropy loss of the polymer chains.165 The size of the 
nanoparticles,166 as well as their concentration may also influence phase 
transitions.167,168 

In thin films, the nanoparticles may positively influence the surface 
interactions, resulting in the so desired perpendicular structures. For 
example, in the case of hydrocarbon-coated CdSe nanoparticles which 
were selectively incorporated in the P2VP cylinders of a PS-b-P2VP diblock 
copolymer, the nanoparticles could induce a perpendicular orientation of 
the cylindrical microdomains. The carbon coated nanoparticles have a 
lower surface energy than P2VP, and hence shield P2VP from the surfaces, 
effectively balancing the surface interactions relative to the PS matrix, 
which has a comparable surface energy as the nanoparticles.169 In a 
similar study where PEO-coated gold nanoparticles were incorporated in 
the cylindrical PMMA domains of PS-b-PMMA, annealing under high 
humidity provided neutral surface conditions between the PEO coated 
particles and PS, resulting in perpendicular structures.170 In a theoretical 
study, Lee et al. concluded that confinement of a copolymer nanoparticle 
mixture could result in stable perpendicular lamellae due to a complex 
interplay of entropic and enthalpic interactions driving nonselective 
particles to localize at the hard walls and A/B interfaces.171 Zou et al. were 
able to achieve a relatively high loading of trioctylphosphine (TOPO) and 
polyethylene glycol (PEG) coated CdSe nanoparticles in the microdomains 
of a PS-b-P2VP diblock copolymer, only slightly effecting the self-assembly, 
while producing a high particle density.172 In a combined experimental and 
theoretical study, it was shown that the location of nanoparticles inside 
block copolymer domains can be tuned even more accurately by changing 
the period of a chemically patterned substrate used to guide the 
perpendicular orientation of lamellar microphases to values slightly higher 
than the equilibrium period or by adding homopolymer. In both cases a 
bimodal distribution of nanoparticles at the block interfaces was 
calculated, due to density changes in the polymer film.173 Li et al. used self 
assembly of Au nanoparticles in the P4VP domains of a PS-b-P4VP diblock 
copolymer spherical monolayer thin film to measure the collective electron 
transport behavior of the confined particles, and found an increased 
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electron tunneling rate constant as compared to nanoparticles which were 
freely dispersed in a P4VP homopolymer thin film.174 

 Inorganic precursors 

Block copolymers have often been used as etch masks to pattern the 
inorganic substrate underneath, however, using inorganic precursors may 
also lead to nanopatterned inorganic materials, an example of which was 
already shown in Figure 1.9, in which the precursor was loaded after self-
assembly. In the group of Kim, a mixture of PS-b-PEO with an oligomeric 
organosilicate precursor, silsesquioxane (SSQ), which was selectively 
miscible with PEO, was vapor annealed to form PS cylinders in a matrix of 

 

Figure 1.15. (a) Schematic picture of the morphologies obtained for the PS-b-PEO(PMS) 
systems. The phase separated structure could be fixed by thermal treatment at 150-
180 °C, and thermal treatment at high temperature (~450 °C) created porous 
nanostructures. (b) TEM of a cross-section of a thin PMS film containing spherical 
pores. (c) Cross sectional TEM and top-view (inset) of cylindrical pores. (d) Cross-
sectional SEM and TEM (inset) of lamellar PMS resin. Reprinted with permission from 
ref. 177. Copyright 2008, IOP Publishing Ltd. 
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PEO(SSQ). Annealing ~300 nm thick films in chloroform for very long times 
(up to 314 hours) finally resulted in reorientation of perpendicular 
cylinders to all parallel morphologies, illustrating the long annealing times 
which can be necessary to produce equilibrium structures. The parallel 
orientation started at both interfaces and proceeded through the film. 
Modification of the surface energy of the substrate by coating small layers 
of alkoxysilanes or Au and annealing in a mixed solvent vapor of 
chloroform and octane resulted in neutral interfaces and hence stable 
perpendicular morphologies. To produce porous organosilicate thin films, 
samples were heated at 450 °C, which cross-linked SSQ and decomposed 
PS-b-PEO.175 A perpendicular lamellar morphology could be aligned by 
directed self assembly along lithographical patterns and was used as an 
etch mask to create patterned silicon (Figure 1.14).176-178 

Another example of the precursor method is the use of thin films of 
PS-b-PEO with a titania precursor which selectively dissolves in the PEO 
domains to create arrays of titania nanoparticles by heat treatment.179-181 
Furthermore, HAuCl4 and PMMA homopolymer have been added to 
cylindrical PS-b-P2VP.182 In this case, the gold precursor could mediate 
interfacial interactions which led to a perpendicular orientation of 
cylindrical microdomains of PMMA/P2VP/HauCl3 in a PS matrix, after 
which the gold salt was reduced and PMMA washed from the film, 
resulting in a metallized nanoporous block copolymer film. 

1.4  Thesis overview 

In this chapter it was attempted to illustrate the versatility of block 
copolymer thin films for nanomaterials fabrication. The factors influencing 
the phase separation in bulk and especially in thin films of simple coil-coil 
diblock copolymers have been summarized and several new developments 
in the latter field have been illustrated. Furthermore, the factors involved 
in using more complex block copolymer systems for thin film formation 
have been highlighted. For example, triblock copolymers exhibit much 
richer morphologies than simple diblock copolymers, especially in thin 
films, a feature which may be exploited for creating more advanced 
nanomaterials, and extra additives resulting in supramolecular systems 
may positively influence surface interactions, often leading to the so 
desired perpendicular structures, while at the same time the number of 
steps to create a desired material can be reduced or simplificated. By fully 
exploiting the possibilities of functionalization, morphologies and 
supramolecular interactions in block copolymer thin films, new functional 
nanomaterials may easily be created with a minimum amount of effort.  
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This thesis is devoted to supramolecular systems that are formed 
by hydrogen bonding pentadecylphenol (PDP) to polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) diblock copolymers, as shown in Figure 1.12 
and Figure 1.13. Chapter two starts with an investigation on the 
mechanical properties of PS-b-P4VP core-corona nanorods obtained by 
washing away PDP from bulk samples of supramolecules which were 
microphase separated into cylinders-within-lamellae. The mechanical 
properties of the obtained nanorods (~20 nm in diameter) turned out to be 
so poor that they could not even span the 200 nm wide pores of an 
alumina membrane, which made it impossible to ever use them as 
templates for nanomaterials. The problem was solved by adding a small 
amount of PPE, which mixed with the PS core, introducing entanglements 
and improving the nanorods properties. 

In chapter three, the position of the PPE chains in the PS phase 
was investigated by a small angle X-ray scattering (SAXS) study of lamellar 
PS-b-P4VP and PS-b-P4VP(PDP) mixed with PPE. From the results it was 
concluded that PPE is homogeneously mixed with the PS chains in the 
nanorod core, rather than being segregated in the middle of the rods.  

The remaining chapters focus on thin films. In chapter four, a study 
on solvent annealed systems of high molecular weight comb copolymers 
with a relatively small P4VP(PDP) block on silicon is performed. It was 
found that as opposed to pure PS-b-P4VP diblock copolymers, which 
exhibit asymmetric wetting conditions (PS wets the surface and P4VP the 
substrate), the P4VP(PDP) comb wetted both the substrate and the air 
interface due to the low surface energy of PDP, which shielded P4VP from 
the surface. Because of the selectivity of chloroform toward PS, the 
morphology of the large length scale could be changed by annealing at 
different vapor pressures, which, for a specific strongly segregated system 
that was on the boundary between lamellar and cylindrical, resulted in 
terraces of metastable perpendicular lamellae. The morphology of the short 
length scale was however not observed.  

Chapter five focuses on low molecular weight systems with a large 
P4VP(PDP) fraction. In this case, the short length scale was observed in the 
form of hierarchical terrace formation. During annealing, the P4VP(PDP) 
comb was above its ODT, and PS and P4VP microphase separated in the 
normal parallel cylindrical structures. After solvent evaporation the now 
phase separating combs formed parallel layers within the terraces of the 
parallel block copolymer structure that were formed during annealing. As 
opposed to the bulk systems, where the short and long length scale are 
oriented perpendicular to each other, both length scales were now oriented 
parallel with respect to each other. This effect was only observed for high 
P4VP(PDP) fractions due to the higher conformational freedom of longer 
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P4VP chains. Removal of the top layers of cylinders from these structures 
helped to identify the structure of the lowest terrace and for a specific 
composition resulted in a monolayer of ordered cylinders. 

In chapters six and seven, such cylindrical monolayers were used as 
templates to create nanostructured materials. In chapter six, the 
templated chemical oxidation polymerization of polypyrrole on monolayers 
of nanorods as well as lamellae is illustrated. By complexing the P4VP 
corona with Cu2+ ions, pyrrole could be selectively polymerized onto the 
corona, resulting in an ordered array of PS-b-P4VP/pyrrole conducting 
hybrid nanorods and transparent conducting thin films. In chapter seven, 
ferroelectric nanorods were obtained by pulsed laser deposition of lead 
titanate (PbTiO3) on monolayers of nanorods on strontium titanate (SrTiO3) 
substrates at room temperature. After heating to ~565 °C, the polymer 
nanorods were degraded, and PbTiO3 crystallized to the ferroelectric state, 
while assuming the template morphology.  
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Chapter 2 

Nanorod Engineering by 
Reinforcing Hexagonally 

Self-Assembled PS-b-
P4VP(DDP) with PPE 

Nanorods consisting of a polystyrene (PS) core and a poly(4-vinylpyridine) 
(P4VP) shell produced via the self-assembly route of comb-shaped 
supramolecules exhibit very poor mechanical properties as a result of the 
absence of entanglements in the rods. Adding a sufficient amount of 
poly(2,6-dimethyl-1,4-diphenyl oxide) (PPE) introduces entanglements to the 
PS core resulting in nanorods with much better properties, which can be 
used as templates for e.g. transition metal oxide tubes. 
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2.1  Introduction 

As has been amply demonstrated in the previous chapter, self-
assembling block copolymers are of great interest as building blocks for 
various nanotechnology applications.1-5 Simple examples include 
nanoporous membranes6,7 and nanorods,8 which can be obtained by 
removing the minority resp. majority block of a cylindrically microphase 
separated block copolymer. If block copolymers are combined with 
supramolecular concepts to form e.g. comb-shaped supramolecules, 
additional possibilities arise and the procedures to form e.g. nanoporous 
membranes and nanorods are in some respects even simpler, as the 
additives used to create the supramolecules may be easily washed away 
(Figure 1.13).9-11 Typically, nanorods synthesized via the comb-shaped 
supramolecules route consist of diblock copolymers, with one block 
forming the core and the other forming the corona. The characteristic 
element of the supramolecular route, setting it apart from nanorods 
prepared via the traditional pure block copolymer approach, is the fact 
that for a given diameter of the rods, the corona may be considerably 
thinner than for pure block-copolymer systems. No longer does the core 
block have to be the minority block as becomes clear from the following 
example. 

To prepare comb-shaped supramolecules, a block copolymer of PS 
and P4VP, PS-b-P4VP, is hydrogen bonded with alkylphenols with one 
alkylphenol molecule per pyridine group. The block lengths of the block 
copolymer are selected in such a way that the self-assembly gives rise to 
hexagonally ordered PS cylinders in a P4VP(alkylphenol) matrix. To arrive 
at this structure the volume fraction of the P4VP complex has to be of the 
order of 0.7-0.8 (see Figure 1.12). Since, for the alkylphenols used, e.g. 
dodecylphenol (DDP) or pentadecylphenol (PDP), the alkylphenol moiety 
corresponds to 70-75 w/w% of the complex, this can even be achieved if 
the P4VP block has a considerably lower molar mass than the PS block. 
From the hexagonally self-assembled structure it is possible to produce 
nanorods with a PS core and a P4VP corona by simply removing the 
alkylphenol molecules by dialysis with ethanol. The nanorods produced in 
this way generally have a length not exceeding 1 µm. Substantially longer 
nanorods, in the order of 10 µm or more, may be obtained if the cylindrical 
structure is first aligned by large amplitude oscillatory shear.12  

The use of polymeric nanorods as templates for the production of 
polymer, metal, and hybrid nanotubes was discussed by Greiner and co-
workers.13 They coined the phrase TUFT (tubes by fiber templates) for the 
concept of coating degradable template polymer fibers with the desired wall 
materials using various deposition techniques. Nanotubes are 
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subsequently obtained by removal of the core material. In this case, the 
P4VP corona makes the core-shell nanorods potentially very interesting as 
templates for e.g. transition metal oxide nanotubes.14 Such applications 
require the nanorods to possess sufficient mechanic properties to allow 
handling and manipulation. However, due to the specific orientation of the 
copolymer blocks away from the interface, the above procedure in general 
leads to a core-shell structure without entanglements between the 
molecules. Hence, very poor mechanical properties are expected. It is the 
objective of this study to show that this is indeed the case and to introduce 
a simple procedure to remedy this drawback. 

2.2  Experimental section 

2.2.1  Materials and sample preparation 

Polishing of alumina membranes. As substrates for the 
measurements of the mechanical properties of the nanorods, alumina 
(aluminum oxide) ultrafiltration membranes (Whatman Anodisc, 200 nm 
pores) were used. Before use, the membranes were carefully polished for 
70 min on a Kent polishing machine. The slowest rotation speed was used 

 

Figure 2.1. Schematic picture of the polishing procedure. 
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with a soft polishing pad (Kemet Int. Limited, MBL, 150 mm) and Buehler 
Masterpolish® 2 polishing medium as the polishing slurry. The 
membranes were attached to the wafer carrier with beeswax as the carrier 
film (Figure 2.1). 

Nanorod preparation. A diblock copolymer of PS and P4VP, P105-
S4VP with Mn(PS) = 21400 g mol-1, Mn(P4VP) = 20700 g mol-1 and Mw/Mn = 
1.13, acquired from Polymer Source, Inc. was used. Homopolymer PS (Mn = 
20800 g mol-1, Mw/Mn = 1.07) and homopolymer PPE (Mn = 25.700 g mol-1, 
Mw/Mn = 1.37) were also acquired from Polymer Source, Inc. The polymers 
were used without further purification. 4-Dodecylphenol was purchased 
from Aldrich as a mixture of isomers and was used as received. 

To obtain the comb-shaped PS-b-P4VP(DDP) supramolecules, about 
0.2 g of PS-b-P4VP was hydrogen bonded with a stoichiometric (with 
respect to the number of pyridine groups) amount of DDP. The samples 
were prepared by mixing PS-b-P4VP and the DDP in analytical grade 
chloroform, keeping the concentration below 2 wt% to ensure 
homogeneous complex formation. After stirring for 2 to 3 h, the solution 
was poured into a petri dish and the solvent was allowed to evaporate 
slowly overnight. After this, the sample was further dried in a vacuum oven 
at 40 °C for at least 48 h. For the reinforced polymers, different amounts of 
PPE were added to the mixture. All samples used are listed in Table 2.1, 
and on the basis of the comb weight fraction all fall within the cylindrical 
morphology range as further verified with SAXS. Subscripts denote the 
weight fraction of PPE in the PS domains of the self-assembled PS-b-
P4VP(DDP) supramolecules. 

Shearing was carried out with an AR 1000N rheometer (TA 
Instruments) in oscillatory mode with a cone–plate geometry (4° cone, 20 
mm diameter). The oscillatory shear was performed with a constant shear 
frequency of 1 Hz and a strain amplitude of 50 %. The samples were 

Table 2.1. Systems investigated. 

Sample Comb weight fraction 
P105(DDP) 0.772 
P105(DDP)/PPE0.09 0.757 
P105(DDP)/PPE0.17 0.743 
P105(DDP)/PPE0.23 0.733 
P105(DDP)/PPE0.28 0.726 
P105(DDP)/PS0.28 0.726 
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sheared for 2 h at 130 °C. After the alignment procedure part of the 
sample was placed in a dialysis tube of 29 mm diameter (SERVAPOR, 
cutoff M = 12000, Serva) filled with ethanol and dialyzed against ethanol 
for about 2 weeks. After 1 week, the solvent was replaced and after 2 
weeks, the nanorod suspension in ethanol was recovered from the dialysis 
tube. 

2.2.2  Instrumental methods 

Atomic Force Microscopy. For the AFM measurements a small drop 
of a nanorod suspension was cast on a piece of polished ultrafiltration 
membrane and the ethanol was allowed to evaporate for several minutes 
before measuring. Tapping mode AFM measurements were carried out on a 
Digital Instruments MultiMode AFM equipped with a Nanoscope IIIa 
controller. Etched silicon cantilevers (Veeco, model TESP) were used. 

Small Angle X-ray Scattering. SAXS measurements were carried 
out at room temperature using a NanoStar camera (Bruker and Anton 
Paar). A ceramic fine-focus X-ray tube, powered with a Kristallflex K760 
generator at 35 kV and 40 mA, has been used in point focus mode. The 
primary X-ray flux is collimated using cross-coupled Göbel mirrors and a 
pinhole of 0.1 mm in diameter providing a Cu Kα radiation beam with a 
full width at half-maximum of about 0.2 mm at the sample position. The 
sample-detector distance was 1.04 m. The scattering intensity was 
registered by a Hi-Star position-sensitive area detector (Siemens AXS) in 
the q range of 0.1-2.0 nm–1. The scattering vector q is defined as q = (4π/λ) 
sin (θ/2), where λ = 0.1542 nm and θ is the scattering angle. The 
measuring time was 1 hour. 

Scanning Electron Microscopy. SEM measurements were 
performed on a JEOL 6320F field emission scanning electron microscope 
operating at 3 kV (rods without PPE) or 1 kV (rods with PPE). Samples 
were coated with a ~2 nm layer of 80 % Pt and 20 % Pd under a rotating 
angle of 45 ° before measuring. 

Differential Scanning Calorimetry. Temperature-modulated DSC 
was performed using a DSC 2920 (TA Instruments). Measurements were 
performed using a heating rate of 1 °C min-1, an oscillation amplitude of 1 
°C, and an oscillation period of 60 seconds. Samples were measured up-
down-up and Tg values were taken from the reversing heat-flow data of the 
second heating. 
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2.3  Results and discussion  

2.3.1  Alumina membranes 

Whatman Anopore alumina membranes are produced via 
anodization of aluminum in certain acid electrolytes, e.g. phosphoric acid. 
Upon anodization, a porous oxide develops at the surface of the aluminum 
anode. This oxide has a uniform hexagonal array of pores, the size of 
which can be controlled by the anodizing voltage. The thickness of the film 
is determined by the current density and the anodizing time. However, 
there always exists a nonporous aluminum oxide barrier layer at the 
aluminum interface. In order to easily detach the porous film from this 
barrier layer, the barrier layer thickness is reduced in a few steps by 
lowering the anodizing voltage. The pores are then divided into smaller 
pores as the barrier layer becomes thinner, and finally the film detaches 
from the aluminum. This results in an asymmetric membrane structure: 
larger pores extending through the bulk of the thickness, with a very thin 
“skin” at the surface that was originally attached to the aluminum. This 
skin has a 20 nm poresize, and can subsequently be converted into larger 
poresizes by dissolving the fine pore layers and thinning the porewalls.15,16 

 

Figure 2.2. SEM picture of an unpolished alumina membrane with 200 nm pores. 
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A SEM image of this result for a membrane with 200 nm pores (acquired 
from Whatman) is shown in Figure 2.2. As can be seen, the surface of the 
membrane is very rough, and although the resulting pores have a uniform 
size, they are not well ordered. 

In order to create a flat, porous surface for testing the properties of 
the nanorods, the 200 nm membranes were polished by a chemical 
mechanical polishing procedure, the result of which is shown in Figure 
2.3. The polishing resulted in removal of the top layer of smaller pores, and 
what effectively is uncovered is the transition where smaller pores combine 
into bigger pores, explaining the non-uniform pore size. From the height 
profile however, the flat nature of the surface after polishing can easily be 
seen. Due to the pyramidal shape of the AFM tip it can not enter the pores 
completely, and the maximum depth in the height profile does not 
correspond to the true depth of the pores. Instead, the slope of the pore 
walls of ~30 ° closely reflects the tip angle of ~25 ° specified by the 
manufacturer. 

2.3.2  Nanorod properties 

Figure 2.4 illustrates the procedure to produce core-shell nanorods 
via the comb-shaped supramolecules route using suitable PS-b-P4VP 
diblock copolymers together with PDP. Apart from the hexagonally ordered 
PS-cylinders, the P4VP(PDP) matrix is further self-assembled in a lamellar 
morphology below ca. 60 °C.17 

 

Figure 2.3. Height AFM and profile of a polished alumina membrane. 
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The shear itself takes place at elevated temperatures (e.g. 120 °C) 
where the P4VP(PDP) matrix is still in a disordered state. In the case of 
dodecylphenol (DDP) the alkyl tail is too small to give rise to self-assembly 
of the P4VP(DDP) matrix even at temperatures as low as room 
temperature. This is reflected by the absence of an ODT endotherm in the 
DSC curve of DDP systems. Because of this absence of the ODT as well as 
the lack of any crystallization of the sidechains, the Tg’s in the system can 
easily be identified with DSC. DSC thermograms of these systems show 
one Tg near 78 °C and a broad Tg around room temperature. The Tg at 

 

Figure 2.4. Nanorod preparation from hexagonally self-assembled PS-b-
P4VP(PDP).9,12 The same principle applies in the case of DDP except that the lamellar 
morphology of the matrix is not present. 

 

Figure 2.5. Cartoon of PS-b-P4VP nanorod cross section with PS core and P4VP 
corona. Due to the orientation of the PS blocks away from the PS-P4VP interface and 
the low Me no entanglements are expected. 
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room temperature corresponds to P4VP, which is substantially lowered 
due to the presence of DDP. The fact that DDP was bought as a mixture of 
isomers may very well cause the broadness of the Tg. The Tg at 78 °C 
corresponds to PS, which is also lowered from its normal value of ~100 °C 
due to the presence of a small amount of DDP in the PS domains, acting as 
a plasticizer (see Chapter 3). In systems with PDP, where the Tg’s can not 
be observed with DSC,12 these are situated under the ODT of P4VP(PDP) 
(~60 °C) and the melting endotherm of PDP (~20 °C). 

In the present chapter the focus lies on DDP but similar experiments 
have been performed using PDP. The PS-b-P4VP diblock copolymer used in 
the experiments has a molar mass of Mn (PS) = 21400, Mn (P4VP) = 20700 
and Mw/Mn = 1.13. For bulk polystyrene, the molar mass between 
entanglements equals Me (PS) = 19100.18 However, despite the fact that the 
PS-block has a slightly larger molar mass, due to specific orientation of the 
copolymer blocks away from the interface, no entanglements between the 
molecules should be expected (Figure 2.5). This results in very poor 
mechanical properties as can be easily demonstrated in the following way.  

First, the nanorods were prepared according to the procedure 
described above. SAXS of a sheared PS-b-P4VP(DDP) sample taken with 
the X-ray beam parallel to the shear direction, demonstrated a good 
hexagonal alignment of self-assembled PS-cylinders. The first order peaks 
are at q* = 0.221 nm-1 and the PS-b-P4VP nanorods obtained after 
removing the DDP are estimated to have a diameter of d = 23 nm. A droplet 
of the PS-b-P4VP nanorods dispersed in ethanol was put on a nanoporous 

 

Figure 2.6. (a) AFM height image (Δz ~150 nm) and (b) SEM of PS-b-P4VP nanorods 
on a polished alumina ultrafiltration membrane. 
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alumina membrane with Figure 2.6a showing a characteristic AFM picture 
of the outcome. Invariably, those parts of the rods on top of the pores 
simply disappeared inside the pores. As scanning electron microscopy 
(Figure 2.6 b) confirmed the absence of rods bridging the pores, the rods 
do not disappear due to the AFM tip breaking the nanorods, but the 
observed behavior is rather the result of the capillary forces arising during 
the evaporation of the ethanol, illustrated in Figure 2.7.19  

2.3.3  Addition of PPE  

In order to improve the mechanical properties, homopolymer PPE 
with molar mass Mn = 25700 g mol-1, was added to the system. PPE is well 
known for its excellent thermodynamic miscibility with polystyrene.20 
Therefore, when combined with PS-b-P4VP(DDP), PPE will segregate into 
the PS-cylinders even if its molar mass is larger than that of the PS-block. 
Since the molar mass between entanglements Me of pure PPE is only 
4300,18 the PPE molecules, being diluted by the PS blocks, will form 
entanglements above a critical concentration.  

To what extent the PPE mixes with the PS blocks protruding from the 
interface is not known yet. At any rate, the presence of the PS blocks will 
lead to a larger molar mass between entanglements compared to pure PPE. 
If homogeneous mixing is assumed, an upperbound for the molar mass 
between entanglements can be simply estimated using Me(x) ≅  Me(x = 
1.0)/x, where x is the weight fraction PPE in the core.18 Since a PPE with 
Mn = 25700 g mol-1 was used, this relation implies that a weight fraction of 
x ≅  0.17 is sufficient to introduce entanglements. Experiments using x = 
0.28, 0.23, 0.17 and 0.09 were performed to test this prediction. In all four 
cases, the presence of the hexagonally self-assembled morphology was 

 

Figure 2.7. Illustration of capillary forces working on the PS-b-P4VP nanorods during 
the evaporation of ethanol. 
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confirmed by SAXS. For the highest amount of PPE used, the first order 
peaks were at q* = 0.192 nm-1 and after removing the DDP, the rods are 
estimated to have a diameter of d = 28 nm, which is about 5 nm more than 
in the absence of PPE.  

AFM experiments (Figure 2.9) showed that the reinforcement effect of 
the added PPE indeed resulted in rods spanning the pores for the highest 
amount of PPE used, i.e. when the weight fraction of PPE was 0.28. For 
smaller amounts the rods essentially behaved as those without PPE (cf. 
Figure 2.6), being apparently still too weak to span pores of ca. 200 nm in 
size. The effect is not simply due to the larger diameter of the nanorods. 
Using homopolymer polystyrene of Mn = 20800 instead of PPE, nanorods 

 

Figure 2.8. Cartoon of the presence of additional homopolymer (PPE) in the core of the 
PS-b-P4VP nanorod. 

 

Figure 2.9. AFM height image (Δz ~650 nm) of suspended PS/PPE-b-P4VP nanorods 
on a polished alumina ultrafiltration membrane. The rods are deflected about 40 nm 
in the middle of the pore probably due to the force exerted by the AFM tip. 
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with an even larger diameter were prepared (q* = 0.169 nm-1, d = 32 nm), 
which, however, were too weak to span the pores. The larger rod diameter 
of rods with homopolymer PS as compared to the rods with the same 
weight fraction of PPE is a strong indication that PPE is quite uniformly 
distributed within the PS phase. The exact distribution of PPE within the 
PS phase will be dealt with in the next chapter. 

2.4  Conclusion 

In conclusion, it was demonstrated that the mechanical properties of 
core-shell nanorods, obtained via self-assembly of comb-shaped 
supramolecules, were initially quite poor due to the absence of 
entanglements in the PS core. To improve the properties, homopolymer 
PPE was added and nanorods with a PS/PPE-core and P4VP-corona were 
obtained that, for the highest amount of PPE used, withstood the capillary 
forces when a droplet of a nanorod suspension in ethanol was put on the 
alumina ultrafiltration membranes. This PPE-reinforcement may have 
important implications for the use of these kind of materials, e.g. as 
templates for oxidic nanotubes.21 
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Chapter 3 

Incorporation of PPE in 
Lamellar Self-Assembled PS-
b-P4VP(PDP) Supramolecules 

and PS-b-P4VP Diblock 
Copolymers 

Self-assembled blends of PS-b-P4VP(PDP) supramolecules, obtained by 
hydrogen bonding of pentadecylphenol (PDP) side chains to the poly(4-
vinylpyridine) (P4VP) block of a block copolymer of polystyrene (PS) and 
P4VP, and poly(2,6-dimethyl-1,4-diphenyl oxide) (PPE) were investigated by 
thermal analysis and small-angle X-ray scattering (SAXS) and compared 
with blends of pure PS-b-P4VP and PPE. Differential scanning calorimetry 
(DSC) measurements showed a single composition dependent Tg of the 
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PPE/PS layers for both systems, demonstrating that PPE is distributed 
throughout the PS layers. Furthermore, DSC showed that for the PPE/PS-b-
P4VP(PDP) blends the presence of PDP is not restricted to the P4VP layers. 
Its partial presence in the PS-containing domains was confirmed by nuclear 
magnetic resonance (NMR) spectroscopy on PS-P4VP core-corona nanorods 
prepared from hexagonally self-assembled PS-b-P4VP(PDP) supramolecules. 
The results of the SAXS study on the dependence of the lamellar period of 
PPE/PS-b-P4VP blends on the amount of PPE were in excellent agreement 
with a theoretical model based on the Alexander-De Gennes approximation 
assuming a uniform distribution of PPE throughout the PS layers. For 
PPE/PS-b-P4VP(PDP) blends the dependence of the long period on the 
amount of PPE turned out to be somewhat stronger, which may be related to 
the supramolecular comb-shaped nature of the P4VP(PDP) blocks. 

3.1  Introduction 

The combination of block copolymer self-assembly and 
supramolecular chemistry is a promising method to achieve nanoscale 
structuring in materials and therefore a key ingredient for nanotechnology 
of soft materials.1-14 Morphology and domain sizes can easily be controlled 
by adjusting the pertinent parameters such as composition, molar mass, 
etc. Simple examples, that are related to the subject of the previous as well 
as the present chapter, include the production of nanoporous membranes 
and nano-objects, which can readily be acquired by selectively removing 
one of the blocks of suitably self-assembled block copolymer systems.15-17 
The comb-shaped supramolecules route, where short side chains are 
attached by hydrogen bonding to one of the blocks of a diblock copolymer 
only to be removed by dissolution after the self-assembly process has been 
completed, enhances the possibilities for the production of these 
materials.12-14,18 In particular, core-corona nanorods can be easily 
prepared in this way with the core being formed by the majority (longest) 
rather than the minority block of the diblock copolymer used.18,19 In the 
previous chapter, it was demonstrated that nanorods with a PS core and a 
P4VP corona, obtained via the comb-shaped supramolecules route, exhibit 
very poor mechanical properties. The rods consisted of nearly symmetric 
PS-b-P4VP diblock copolymers with a molar mass of ca. 20000 g mol-1 for 
each block, and the poor mechanical properties were attributed to the 
absence of entanglements. Addition of a sufficient amount of PPE, which is 
well-known for its excellent thermodynamic miscibility with PS,20 to the PS 
core introduced entanglements, resulting in nanorods with much better 
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properties, that can be used as templates for e.g. transition metal oxide 
tubes.21,21  

Blends of block copolymers with homopolymers that have a specific 
exothermic interaction with one of the blocks of the block copolymers have 
been investigated in the past by different groups.23-27 In several studies PS-
based block copolymers were combined with PPE. Paul and co-workers26,27 
used polystyrene-block-polybutadiene-block-polystyrene (SBS) triblock 
copolymers, whereas Hashimoto and co-workers28 used polystyrene-block-
polyisoprene (PS-b-PI) diblock copolymers. In all cases an increased 
solubilization of PPE in the PS domains, as compared to the solubilization 
of homopolymer PS, was observed. If lamellar self-assembled diblock 
copolymers are mixed with a homopolymer that is chemically identical to 
one of the blocks, the spatial distribution of the homopolymer depends on 
its relative molar mass. For low molar masses, the homopolymer will be 
distributed uniformly throughout the layers of the corresponding block. 
For a molar mass of the homopolymer that is comparable to that of the 
corresponding block, the homopolymer will be confined to the center of the 
layers, i.e., segregated in the midplane. A significantly higher molar mass 
of the homopolymer finally leads to macrophase separation.7,28-31 For the 
above-mentioned systems with PPE, on the other hand, the effect of the 
molar mass of PPE was found to be small or nonexistent, which can be 
ascribed to the favorable interaction between PS and PPE.20  

In the study on PPE reinforcement of PS-P4VP core-corona nanorods, 
the fraction of PPE required to introduce entanglements was therefore 
estimated assuming a uniform distribution of PPE in the PS cylinders of 
self-assembled PS-b-P4VP complexes with dodecylphenol (DDP) or 
pentadecylphenol (PDP). P4VP(PDP) combs self-assemble in a lamellar 
morphology below the TODT, which is well above room temperature. In the 
case of DDP the alkyl tail is too small to give rise to self-assembly of the 
P4VP(DDP) matrix even at temperatures as low as room temperature, 
besides this however, the behavior of PDP and DDP related systems is 
comparable. In the present chapter the thermal and morphological 
properties of lamellar-in-lamellar self-assembled blends of PPE/PS-b-
P4VP(PDP) are addressed and compared with systems without PDP, i.e., 
PPE/PS-b-P4VP in order to determine if the assumption of a uniform 
distribution of PPE within the PS core of the nanorods was correct. DSC 
was used to characterize the thermal properties. With SAXS the long 
period was determined as a function of the amount of PPE added and 
analyzed using a simple Alexander-De Gennes model. In agreement with 
the above-mentioned studies on different PS-based block copolymers, PPE 
was found to be distributed throughout the PS lamellae, even though the 
PPE used has a larger molar mass than the PS blocks. In addition, the 
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DSC data indicate that PDP is not exclusively confined to the P4VP 
domains but that a significant amount is present in the PPE/PS phase as 
well, leading to a substantial glass transition temperature depression. The 
corresponding increase in mobility of the PPE/PS domains is of direct 
interest for the large-amplitude oscillatory shear procedures that are 
applied to macroscopically align self-assembled PPE/PS-b-P4VP(PDP) 
systems.19,32-34 The presence of PDP in the PS layers, concluded from the 
DSC data, was verified by NMR on PS-b-P4VP core-corona nanorods 
prepared from hexagonally ordered PS-b-P4VP(PDP) supramolecules. In the 
preparation process of the nanorods all the PDP is removed from the P4VP 
matrix, and any PDP left resides in the glassy PS core. 

3.2  Experimental section 

3.2.1  Materials and sample preparation 

Chemicals. Three different block copolymers of PS and P4VP with 
comparable molar mass of the PS blocks were obtained from Polymer 
Source, Inc.: P103-S4VP (Mn(PS) = 19600 g mol-1, Mn(P4VP) = 5100 g mol-1, 
Mw/Mn = 1.08), P105-S4VP (Mn(PS) = 21400 g mol-1, Mn(P4VP) = 20700 g 
mol-1, Mw/Mn = 1.13), and P3546-S4VP (Mn(PS) = 20000 g mol-1, Mn(P4VP) 
= 19000 g mol-1, Mw/Mn = 1.09). The polymers were used as received. 3-n-
Pentadecylphenol (PDP) was purchased from Aldrich and was recrystallized 
twice from petroleum ether (40-60 w/w) and dried in a vacuum at 40 °C. 
PPE was purchased from Polymer Source, Inc. (Mn = 25700 g mol-1, Mw/Mn 
= 1.37) and was reprecipitated from chloroform/methanol before using.  

Sample preparation. To obtain the PPE/PS-b-P4VP(PDP) blends, PS-
b-P4VP, PDP (in a stoichiometrical amount with respect to the number of 
pyridine groups), and PPE were dissolved in analytical grade chloroform. 
The concentration of polymer was kept below 2 wt% to ensure 
homogeneous complex formation, and the solutions were stirred for 2 h. 
The solutions were then dried in air within a few hours, and final drying 
was performed at 40 °C in a vacuum for at least 2 days. Systems without 
PDP were obtained in a similar fashion. All systems used are listed in 
Table 3.1 and, except for P105(PDP) which self-assembles in the form of 
hexagonally ordered cylinders of PS in a matrix of P4VP(PDP), are expected 
to form a lamellar morphology as can be deduced from the P4VP and comb 
weight fractions.35  
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3.2.2  Instrumental methods 

Differential Scanning Calorimetry. Temperature-modulated 
scanning calorimetry was performed using a DSC Q1000 (TA Instruments). 
All samples were heated with a rate of 1 °C min-1, an oscillation amplitude 
of 1 °C, and an oscillation period of 60 s. Samples were first equilibrated at 
-30 °C, heated to 180 °C, cooled to -30 °C, and then heated again to 180 
°C. Data were taken from the second heating.  

Small-Angle X-ray Scattering. For SAXS, the samples were heated 
(PPE/PS-b-P4VP systems to 180 °C and PPE/PS-b-P4VP(PDP) systems to 
120 °C) in a mold of 14 mm diameter and 1 mm thickness. For 15 min the 
samples were allowed to flow to fill the mold while applying slight pressure, 
after which the press was cooled with cooling water before removing the 
tablets from the press. A small piece of the tablets was cut off for 
measurements.  

Table 3.1. Characterization of systems studied 

Sample wPPE a w b wP4VP c resp. 
wcomb d 

P3546 0 0 0.487 
P3546/PPE0.10 0.10 0.054 0.461 
P3546/PPE0.20 0.20 0.114 0.432 
P3546/PPE0.30 0.30 0.180 0.399 
P3546/PPE0.35 0.35 0.216 0.382 
P105(PDP)   0.790 
P103(PDP) 0 0 0.503 
P103(PDP)/PPE0.10 0.10 0.052 0.477 
P103(PDP)/PPE0.20 0.20 0.110 0.448 
P103(PDP)/PPE0.30 0.30 0.175 0.415 
P103(PDP)/PPE0.40 0.40 0.249 0.378 

a wPPE = weight fraction of PPE in the PS/PPE phase. b w = weight fraction of PPE in 
the entire system. c wP4VP = weight fraction of P4VP in the entire system. d wcomb = 
weight fraction of P4VP(PDP) combs in the entire system if all PDP were in the P4VP 
domains. 
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Figure 3.1. DSC curves of P3546/PPE blends with different amounts wPPE of PPE. 
Rather than the total heat flows, the reversing heat flows are shown for clarity, as 
the Tg positions are more pronounced in these curves. 

 

 

Figure 3.2. DSC curves of P103(PDP)/PPE blends with different compositions, 
showing melting of PDP, the ODT of P4VP(PDP) and the Tg of PS/PPE. 
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SAXS measurements were carried out at room temperature using a 
NanoStar camera (Bruker and Anton Paar). A ceramic fine-focus X-ray 
tube, powered with a Kristallflex K760 generator at 35 kV and 40 mA, has 
been used in point focus mode. The primary X-ray flux is collimated using 
cross-coupled Göbel mirrors and a pinhole of 0.1 mm diameter, providing 
a Cu Kα radiation beam with a full width at half-maximum of about 0.2 
mm at the sample position. The sample-detector distance was 1.06 m. The 
scattering intensity was registered by a Hi-Star position-sensitive area 
detector (Siemens AXS) in the q range of 0.1-2.0 nm-1. The scattering 
vector q is defined as q = (4π/λ) sin(θ/2), where λ = 0.1542 nm and θ is the 
scattering angle. The measuring time for most samples was 1 h.  

Nuclear Magnetic Resonance spectroscopy. According to the 
procedure described in the previous chapter, the P105(PDP) system was 
aligned using large-amplitude oscillatory shear. After this, part of the 
material was placed in a dialysis tube (SERVAPOR, cutoff M = 12000, 
Serva) filled with ethanol and dialyzed against ethanol for 2 weeks. After 1 
week, the solvent was replaced. The nanorods were collected from the 
bottom of the obtained nanorod suspension, and residual ethanol was 
allowed to evaporate off in a vacuum at 40 °C overnight. The remaining 
nanorods were redissolved in deuterated chloroform. 1H NMR spectra were 
obtained using a 300 MHz Varian NMR spectrometer. 

3.3  Results and discussion 

3.3.1  Thermal analysis 

The thermal behavior of the blends of the symmetric diblock 
copolymer P3546 (Mn(PS) = 20000, Mn(P4VP) = 19000) with PPE is given in 
Figure 3.1. The pure block copolymer shows two Tg's, one at 106 °C and 
the other at 152 °C, corresponding to the PS and P4VP layers. When 
adding PPE, the lower Tg shifts to higher values, whereas the Tg of the 
P4VP layers exhibits no notable change and at higher temperatures (T ≤ 
240 °C) a separate Tg of PPE is not observed. For the highest amount of 
PPE added, wPPE = 0.35, the Tg's of the PS/PPE and P4VP layers overlap. 
The fact that the Tg of the P4VP layers is unaffected implies that PPE is 
selectively dissolved in the PS phase. The absence of PPE in the P4VP 
phase has to be expected. A recent study on the miscibility of random 
copolymers of styrene and 4-vinylpyridine, P(S-rand-4VP), with PPE 
showed that the interaction between PPE and P4VP is even more 
unfavorable than that between PS and P4VP.36 From a similar miscibility 
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study on blends of P(S-rand-4VP) and PS the Flory-Huggins parameter of 
the latter was found to satisfy 0.30 < χS,4VP ≤ 0.35.37  

The PDP-containing systems, except for one, involve the highly 
asymmetric diblock copolymer P103 (Mn(PS) = 19600, Mn(P4VP) = 5100) in 
order that the weight fraction of the P4VP(PDP) block of the PS-b-
P4VP(PDP) supramolecules is ~0.5 (see Table 3.1). In all cases PDP is 
present in a stoichiometric amount with respect to the number of pyridine 
groups. On addition of PPE, the microphase separation between the 
PS/PPE domains and the P4VP(PDP) domains results in a lamellar 
morphology for weight fractions as high as wPPE = 0.40. Apart from the 
lamellar microphase separation between PS/PPE and P4VP(PDP), the 
P4VP(PDP) combs self-assemble in a lamellar morphology below the TODT, 
which is at ca. 57 °C for pure PS-b-P4VP(PDP), thus leading to the well-
known hierarchical structures.38,39 Furthermore, the PDP side chains 
crystallize at temperatures below ca. 20 °C.40 The DSC measurements of 
these systems, presented in Figure 3.2, clearly reveal the various 
transitions. Again, the reversing heat flows are shown for clarity. In all 
cases, the total heat flow showed the same characteristics as the reversing 
heat flow. First, around room temperature the melting endotherm of PDP is 

 

Figure 3.3. Graph of the Tg of PS/PPE in P3546/PPE and P103(PDP)/PPE as a 
function of the weight fraction of PPE in the PS/PPE phase. 
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observed. Its complex shape is believed to be due to the presence of 
different crystal modifications. On further heating the endotherm due to 
the order-disorder transition (ODT) of the P4VP(PDP) domains is found, 
and finally the Tg of the PS/PPE phase appears. Measurements to higher 
temperatures (T ≤ 240 °C) did not show a separate Tg for PPE. As indicated 
in the previous chapter, the Tg of P4VP is strongly suppressed due to the 
presence of the side chains and is expected to be situated under the PDP 
melting peak.40  

The glass transition temperatures of the PS/PPE layers are 
summarized in Figure 3.3. In blends of PPE and the symmetric diblock 
copolymer P3546, the Tg of the PS/PPE layers steadily increases as a 
function of the amount of PPE. The solid line through the experimental 
points is calculated according to the Couchman expression41,42 
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,,
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where ΔCp denotes the incremental change in specific heat of the respective 
pure components (ΔCp,PS = 30.7 J mol-1 K-1, ΔCp,PPE = 31.9 J mol-1 K-1)43 and 
w denotes their weight fraction. Tg,PPE is taken to be 220 °C, the value 
measured for the PPE homopolymer used. The fit is excellent, thereby 
demonstrating that the PS/PPE layers in the lamellar self-assembled 
PPE/P3546 behave very much like a simple PS/PPE homopolymer 
mixture. In the latter case the validity of eq. 1 has been amply 
demonstrated.42-44 The same has found to hold for blends of PPE and 
polystyrene-block-poly(ethylene-butylene)-block-polystyrene (SEBS) 
triblock copolymers.43 

The results for the blends of PS-b-P4VP(PDP) supramolecules with 
PPE are considerably different. Whereas, as before, the Tg of PS/PPE shifts 
to higher values for a larger weight fraction of PPE, the actual values are 
much lower. The pure PS-b-P4VP(PDP) supramolecules system shows a Tg 
of the PS layers of only 67 °C instead of 106 °C (Figure 3.3). This 
depression results from the additional presence of PDP in the PS phase as 
the following experiment shows. The symmetric P105 diblock copolymer 
was used to prepare PS-b-P4VP(PDP) supramolecules that self-assemble as 
hexagonally ordered PS cylinders inside a P4VP(PDP) matrix. After 
alignment by large-amplitude oscillatory shear, PS-b-P4VP core-corona 
nanorods were prepared by dissolving the PDP from the matrix. This well-
known procedure can be recalled from Chapter 2.  
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Because ethanol is a non-solvent for PS, it is likely that PDP is not 
easily washed out of the nanorod cores during dissolution of PDP. The 
nanorods thus produced were investigated by Fourier transform infrared 
(FTIR) spectroscopy and NMR. The FTIR data were inconclusive; however, 
NMR clearly revealed the presence of PDP (Figure 3.4). Additional DSC 
measurements on mixtures of a PS homopolymer mixed with different 
amounts of PDP showed that the presence of 5% w/w PDP resulted in a 
glass transition temperature depression to ca. 65 °C. Hence, we can safely 

 

Figure 3.4. 1H NMR to establish the presence of PDP in the nanorods. Peaks at 7.26 
ppm are caused by the residual protons of chloroform-d. The peaks with an asterisk 
are due to residual ethanol. 
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conclude that in the P103(PDP) system, given its Tg ≅ 67 °C, there will also 
be ~5% w/w PDP inside the PS layers. Comparing the increase in Tg as a 
function of PPE in the present case with that for the samples without PDP 
shows that the difference becomes larger for higher amounts of PPE, which 
indicates that in the P103(PDP)/PPE systems more PDP will be present in 
the PS/PPE layers for higher amounts of PPE. This conclusion is 
corroborated by several other observations. First, the ODT of the 
P4VP(PDP) phase decreases from ca. 57 °C for systems without PPE to ca. 
52 °C for the higher PPE fractions. In pure homopolymer-based P4VP(PDP) 
systems, the ODT has been reported to drop to lower values for less than 
stoichiometric amounts (with respect to the number of pyridine groups) of 
PDP.45,46 Furthermore, a decrease in the melting temperature of PDP can 
be observed as well, which again is an indication that PDP migrates toward 
the PS/PPE layers in an increasing extent for higher PPE fractions, since a 
lower mole fraction of PDP in the P4VP(PDP) complex results in lower 
crystallization temperatures for PDP.41,47 The most important observation, 
however, is the gradual reduction in the enthalpy of melting from ca. 35 J 
g-1 PDP for the sample without PPE to ca. 25 J g-1 PDP for the sample with 
wPPE = 0.40, which indicates that as much as 25% of the PDP present in 
the sample without PPE will have migrated to the PS/PPE layers for the 
sample with the highest amount of PPE. 

3.3.2  Small Angle X-ray Scattering 

The presence of a single composition dependent Tg of the PS/PPE 
layers is already sufficient evidence to conclude that PS and PPE are mixed 
throughout the PS layers. To study this further, SAXS was used to 
determine the dependence of the long period on the amount of PPE.  

A simple theoretical model to describe the change in domain 
dimensions of a lamellar self-assembled block copolymer system on 
incorporation of nanoparticles inside one of the layers of a lamellar diblock 
copolymer was put forward by Hamdoun et al.47 This description is not 
specific to nanoparticles but applies equally well to homopolymer/block 
copolymer blends, and recently it was used to discuss the distribution of 
low molar mass PS in the lamellae of thin films of nearly symmetric 
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) diblock 
copolymers48 and of polyvinylidene fluoride (PVDF) in the lamellae of thin 
films of similar PS-b-PMMA diblock copolymers.49  

If the homopolymers segregate in the midplane, the chain 
conformations of the copolymer blocks and the distance between the 
copolymer junction points are not affected. Hence, a change will only occur 
in the direction perpendicular to the interface (Figure 3.5), and the domain 
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spacing L increases rapidly from its original value L0 when homopolymer is 
added. As a result 

LLLo ϕ−=  →  
ϕ−

=
1

oLL  (2) 

with φ the volume fraction homopolymer in the entire system. When, on 
the other hand, the homopolymer chains are distributed uniformly 
throughout the A phase of lamellar self-assembled A-B diblock copolymer, 
the A blocks become even more stretched than is already the case under 
the strong segregation conditions assumed here. Part of this additional 
stretching is relieved by an increase in the average distance between 
junction points. At the same time the B blocks become somewhat less 
stretched in order to keep the segment density constant. The balance 
between these three effects leads to an L spacing which only slightly 
increases upon addition of homopolymer (Figure 3.6). 

If the Alexander-De Gennes approximation is used to calculate the 
periodicity, it is found that 
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Figure 3.5. Schematic representation of homopolymer segregation in the midplane. 
The conformations of the blocks are not affected, and the domain spacing increases 
linearly with the addition of homopolymer. 
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and f the volume fraction A blocks (composition) of the diblock 
copolymer.47 The assumption of a uniform distribution of homopolymer is 
in line with the Alexander-De Gennes approximation. A more accurate self-
consistent-field approach will obviously show a slightly nonuniform 
homopolymer distribution with somewhat more homopolymer near the 
midplane where the copolymer blocks are least stretched. 25,30,50 

Figure 3.7 shows a graph of these theoretical predictions together 
with the experimental data for the symmetric diblock copolymer based 
P3546/PPE mixtures. Volume fraction was approximated by weight 
fraction as the densities of the two phases are only slightly different.35 The 
experimental results closely follow the theoretical curve for a uniform 
distribution, even though the molar mass of the PPE homopolymer is 
larger than that of the PS block. As discussed above, in mixtures of A 
homopolymer with an AB diblock, A will only be distributed uniformly 
throughout the A lamellae if its molar mass is smaller than that of the 
corresponding block. Only short chains possess enough translational 
entropy to overcome the loss in conformational entropy caused by the 
stretching of the A blocks. The uniform distribution of PPE in mixtures of 
PPE and PS-b-P4VP is caused by the favorable interaction between PS and 
PPE. It confirms the conclusion reached before that this interaction is 
sufficiently strong to overcome the decrease in conformational entropy of 
the stretched PS chains, even for PPE of relatively high molar mass.25,26 

 

Figure 3.6. Schematic representation of uniformly distributed homopolymer. The A 
chains of the block copolymer are slightly more stretched after the addition of 
homopolymer. The distance between junction points is slightly larger, and the B-
blocks are accordingly somewhat less stretched. The total L-spacing increases only 
slightly. 
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The experimental results for the supramolecules-based 
P103(PDP)/PPE blends are presented in Figure 3.8. The theoretical curves 
are based on eqs 2 and 3, taking as L0 the periodicity of the pure PS-b-
P4VP(PDP) supramolecules system. The weight fraction of PPE in the 
PS/PPE layers used in Figure 3.8 is calculated on the basis of PPE and PS 
only, ignoring the additional presence of PDP. The experimental data 
indicate a stronger dependence of the long period on the amount of PPE 
added than the theoretical curve based on eq 3. It is tempting to attribute 
this deviation to the fact that the P4VP(PDP) layers, rather than involving 
linear chains, contain comb-shaped supramolecules. This difference in 
architecture will influence the adaptation of these blocks to the additional 
stretching of the PS blocks due to the addition of PPE. Of course, the fact 
that a fraction of the PDP resides in the PS/PPE layers, a fraction that 
moreover increases as a function of the amount of PPE added, is another 
complication. Still, the data clearly indicate that PPE is distributed 
throughout the PS phase; otherwise, the long period would have increased 
much faster as a function of the amount of PPE added. The situation is 
schematically illustrated in Figure 3.9. 

 

Figure 3.7. Lamellar period of P3546/PPE as a function of the weight fraction of PPE 
in PS/PPE. Theoretical predictions by equations (2) and (3), approximating volume by 
weight fraction, are also depicted. 
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Figure 3.8. Lamellar period of P103(PDP)/PPE as a function of the weight fraction of 
PPE in PS/PPE. Theoretical predictions by equations (2) and (3), approximating 
volume by weight fraction, are again depicted. 

 

 

Figure 3.9. Schematic picture of self-assembled PS-b-P4VP(PDP) before and after 
incorporation of PPE. 
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3.4  Conclusion 

The thermal properties and the lamellar periodicity in blends of PPE 
with PS-b-P4VP diblock copolymers and with PS-b-P4VP(PDP) diblock 
copolymer-based supramolecules were investigated by DSC and SAXS. 
DSC measurements of the PS-b-P4VP(PDP) demonstrated that PDP, 
though preferentially present in the P4VP layers, is also to some extent (ca. 
5% w/w) present in the PS layers. The presence of PDP in PS domains was 
additionally confirmed by NMR on PS-b-P4VP core-corona nanorods 
produced from hexagonally ordered PS-b-P4VP(PDP) supramolecules. For 
PPE/PS-b-P4VP(PDP) blends the amount of PDP in the PPE/PS domains 
increases as a function of the amount of PPE added. The presence of PDP 
in the PPE/PS domains and the corresponding increased mobility is of 
direct interest for the large-amplitude oscillatory shear procedures that are 
used to induce macroscopic alignment in these systems.19,33-35 In a 
completely different study on orientational switching of microdomains in 
hydrogen-bonded side-chain liquid-crystalline block copolymers by AC 
electric fields, Chao and co-workers51 observed that the hydrogen-bonded 
mesogens were also partly present in the linear PS-block layers. As a 
consequence, the Tg of the PS layers was around 70 °C, and this 
plasticizing effect turned out to be essential for the fast orientational 
switching. 

For both the block copolymer and the supramolecules blends, 
thermal analysis shows that PPE is distributed throughout the PS layers, 
even though the PPE chains have a higher molar mass than the PS blocks. 
Of course, there will be a composition profile of PPE inside the PS layers 
with a slight suppression at the interface, which may even be somewhat 
enhanced due to the interaction between PPE and P4VP being even more 
unfavorable than that between PS and P4VP,36 and a slight excess near the 
midplane.25,26 

The location of the PPE chains inside the PS lamellae was also 
investigated with SAXS by measuring the lamellar period as a function of 
the weight fraction of PPE. The fact that the long period increased only 
slightly as a function of the amount of PPE confirmed the conclusions 
drawn from thermal analysis.  

In the previous chapter, blends of PPE and PS-b-P4VP(DDP) have 
been used to prepare core-corona nanorods with improved mechanical 
properties. Under the assumption that PPE mixes homogeneously with the 
PS blocks, it was estimated that the PS core of the nanorods should at 
least contain a critical weight fraction PPE of wPPE = 0.17 in order that 
entanglements of PPE chains could be formed. In that study the same PPE 
batch was used. Experimentally, it turned out that a somewhat higher 
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amount of PPE was required to obtain the necessary strength for the 
nanorods to span the pores of ca. 200 nm of alumina ultrafiltration 
membranes. The present study confirms that the assumption of 
homogeneous PPE distribution, underlying the discussion in Chapter 2, is 
indeed to a good approximation satisfied. 
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Chapter 4 

Phase Behavior of Solvent 
Vapor Annealed Thin Films 

of PS-b-P4VP(PDP) 
Supramolecules 

The phase behavior and terrace formation of solvent (chloroform) vapor 
annealed thin films of asymmetric high molecular weight comb-shaped 
supramolecules consisting of a long polystyrene (PS) block and a short 
supramolecular block of poly(4-vinylpyridine) (P4VP) hydrogen bonded with 
pentadecylphenol (PDP) on silicon oxide (SiO2) were examined. P4VP(PDP) 
was found to be present at the SiO2 interface as well as the air interface, 
implying symmetric boundary conditions. Because of the inherent change in 
composition by swelling in a selective solvent, the morphology of a lamellar 
film could be changed to cylindrical by swelling at different vapor pressures 
of chloroform vapor. Swelling at a specific vapor pressure at the phase 
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boundary between lamellar and cylindrical resulted in noncommon terrace 
formation behavior. The lowest terrace consisted of two wetting layers 
forming one lamella, the second terrace contained perpendicular lamellae, 
and the highest terrace consisted of parallel P4VP(PDP) cylinders. The 
results are presented in a morphology diagram as a function of film 
thickness and composition. 

4.1  Introduction 

The microphase separation in bulk samples of block copolymers is 
dependent on the relative length of the blocks, the molecular weight, and 
the χ interaction parameter between the blocks,1,2 and because of the 
small periodic length scales involved (typically 10-100 nm), self-assembled 
block copolymers are interesting candidates for nanotechnology 
applications. However, the preparation of thin films of highly ordered block 
copolymers forms the ultimate challenge, as these films can be used to 
fabricate high-density arrays for microfiltration purposes, data storage, 
and microelectronics and photonics applications, for example.3,4 At first, 
mainly lamellar systems were investigated motivated by the relative 
simplicity of the corresponding theoretical calculations caused by the 
symmetry in these systems.3,5-7 However, as the most interesting 
applications require perpendicular orientation of cylindrical domains, 
lately a lot of effort has been devoted into producing such films,8-16 but 
also more general studies on the behavior of cylinder-forming block 
copolymer thin films have been conducted. Besides the pertinent factors 
applying to ordering in bulk samples, in thin films the interaction of the 
blocks with the substrate and air interfaces and the film thickness are 
equally important parameters on which the final microphase-separated 
structure depends.17,27 Usually preferential wetting of one of the blocks at 
an interface leads to a parallel orientation of the microdomains, and when 
the thickness of the film is incommensurate with the cylindrical period, 
quantization of the film thickness takes place by the formation of 
terraces.3,20,27-29 When the interaction with the surface is very strong, a 
polymer brush may form at the surface. Only when the preferential 
interaction with the surfaces is reduced, for example by coating a random 
copolymer brush on a surface, a perpendicular orientation may be 
achieved.15,16 When the polymer film is confined between two surfaces, or 
on the edges of terraces, also perpendicular orientations and interesting 
nonbulk morphologies such as cylinders with necks or other hybrid 
structures may occur.5,23,24,30,31 Furthermore, whereas order in bulk block 
copolymers is usually induced/improved by annealing at elevated 
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temperatures, order in thin films can also easily be achieved by annealing 
in solvent vapor. However, the structures that are obtained in this way do 
not necessarily correspond to the thermodynamic equilibrium morphology 
of the solvent free films as the solvent adds more factors on which the final 
microphase-separated structure depends, such as the nature/selectivity of 
the solvent,8,32-36 the solvent evaporation rate,32,37-39 and the relative 
solvent vapor pressure.22,40,41 The effects of these parameters have been 
observed many times, and although some common behavior in block 
copolymer thin films has been identified, it is still difficult to foretell the 
thin film behavior of a specific system. Especially in supramolecular 
systems, the extra components involved may greatly influence the phase 
behavior. 

The present chapter presents a study of the phase behavior of two 
different solvent vapor annealed thin films consisting of asymmetric PS-b-
P4VP(PDP) comb-shaped supramolecules with a high PS weight fraction as 
a function of film thickness and vapor pressure to gain insight into the 
specific behavior of these comb copolymer thin films. The comb-shaped 
supramolecules route offers as an advantage that the composition of the 
blocks can be easily adjusted by changing the amount of side chains while 
using the same block copolymer.42 This makes it relatively easy to study 
the effects of solvent swelling on a system that is close to the phase 
boundary between e.g. lamellar and cylindrical, a composition of which the 
phase behavior in thin films is not well-known. The presence of the side 
chains itself already induces considerable mobility but, as will be shown, 
also changes the boundary conditions with the air interface as compared 
to the pure diblock copolymer. 

Table 4.1. Properties of polymer systems used. 

Sample a Mn(PS)  
(g mol-1) 

Mn(P4VP) 
(g mol-1) 

Mw/
Mn 

PDP/
P4VP 

fcomb Bulk 
morpho-
logy50  

P228(PDP)1.5 301000 19600 1.19 1.5 0.258 C 
P5154(PDP)1.0 252000 43000 1.09 1.0 0.399 L 

a Subscripts denote the number of PDP molecules per 4VP unit. 
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4.2  Experimental section 

4.2.1  Materials and sample preparation 

Materials. Two different PS-b-P4VP block copolymers were 
purchased from Polymer Source, Inc., and used as received: P228-S4VP 
(Mn(PS) = 301000 g mol-1, Mn(P4VP) = 19600 g mol-1, Mw/Mn = 1.19) and 
P5154-S4VP (Mn(PS) = 252000 g mol-1, Mn(P4VP) = 43000 g mol-1, Mw/Mn = 
1.09). 3-n-Pentadecylphenol (PDP) was purchased from Aldrich and was 
recrystallized twice from petroleum ether (40-60 w/w) and dried in a 
vacuum at 40 °C. 

Substrate preparation. Silicon (Si) substrates of ~1 cm2 with a 
native silicon oxide layer on the surface were cleaned by immersion in a 
70/30 v/v piranha solution of concentrated H2SO4 and H2O2 (30%) at 60 
°C for 1 h, thoroughly rinsed with Milli-Q water, treated ultrasonically in 
methanol for 15 min, and dried under a stream of nitrogen gas. The 
substrates were stored in methanol when not immediately used. 

Film preparation. PS-b-P4VP and PDP (in different stoichiometrical 
amounts, for details see Table 4.1) were dissolved in chloroform (CHCl3) to 
yield ~0.8 wt % solutions. These solutions were spin-coated at speeds 
between 2000 and 5000 rpm to yield films of the desired thickness (~80 
nm). When thinner films were required, the solutions were diluted before 
spin-coating. The spin-coated films were exposed to vapors of chloroform 
in a glass dish of 7.5 × 5.5 × 3 cm. The dish was typically filled with 60 mL 
of chloroform while the polymer film was placed on a grating above the 
solvent. By closing the lid of the dish more or less tightly, the relative 
solvent vapor pressure inside the dish could roughly be adjusted, resulting 
in swelling of the films to different swelling ratios. Four different vapor 
pressures were realized: the lowest pressure P0 when a piece of silicon was 
placed under the lid, P1 when the lid was closed normally, P2 when some 
parafilm was wrapped halfway around the lid, and the highest vapor 
pressure P3 when the lid was completely sealed, resulting in a nearly 
saturated vapor of chloroform. The swelling ratios, i.e., the ratio between 
the thickness of the swollen film and the thickness of the original film, at 
these vapor pressures were roughly determined from the color changes of 
the films during swelling and varied from 2.5 for P0 to 3 and 3.5 for P1 and 
P2, respectively, to 4-4.5 times the original thickness for the highest vapor 
pressure. The thickness of a colored film was estimated using the 
interference colors of a thin polymer film on silicon (Figure 4.1). After the 
desired swelling time, the lid of the dish was lifted and the solvent 
evaporated within a fraction of a second. Samples reached their 
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equilibrium swelling ratio within about 20 min after closing the lid. When 
needed, PDP was washed from the film by immersing it for 5 min in 
ethanol, after which the film was blown dry in a stream of nitrogen. 

4.2.2  Instrumental methods 

Atomic Force Microscopy. AFM measurements were carried out on 
a Digital Instruments EnviroScope AFM equipped with a Nanoscope IIIa 
controller in tapping mode using Veeco RTESPW silicon cantilevers (f0 = 
240-296 kHz and k = 20-80 N m-1 as specified by the manufacturer). AFM 
images were typically obtained with a scan range of 5 µm2 and a frequency 
of 1 Hz/line. Film thicknesses were measured by scratching the film in 
three different places with a razor blade followed by scanning across the 
scratch edges. In this case the aspect ratio was 1:8 to minimize distortion 
along the slow scanning axis due to thermal drift, and background 
subtraction was accomplished by fitting a plane to the bare substrate, 
after which the average height of the scanned part was determined. 

Transmission Electron Microscopy. For TEM measurements, films 
were coated and annealed on freshly cleaved sodium chloride (NaCl) 
crystals in a similar fashion as on Si. Judging from AFM pictures, the 
behavior of the systems on SiO2 and NaCl was always identical, as also 
concluded by Tung et al.134 After annealing, the films were floated off on 
deionized water and picked up on a TEM grid. To enhance contrast, the 
P4VP phase was selectively stained for 3-4 h in vapors of iodine crystals 
before measuring. Bright-field TEM measurements were performed on a 
JEOL-1200EX transmission electron microscope operating at an 
accelerating voltage of 90 kV. 

For cross-sectional TEM measurements, the thin films on NaCl were 
first coated with a layer of carbon, after which a drop of epoxy (Epofix) was 

 

Figure 4.1. Interference of white light in a thin polymer film on silicon (refractive index 
n ~1.59).43 
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deposited on top. After the epoxy was cured, the NaCl was dissolved and 
the other side of the film was also coated with carbon, after which the 
complete epoxy + carbon layer + polymer film + carbon layer assembly was 
embedded in fresh epoxy and cured at 40 °C overnight. Ultrathin sections 
(~70 nm) were microtomed from the embedded specimen using a Leica 
Ultracut ultramicrotome and a Diatome diamond knife. 

X-ray Photoemission Spectroscopy. XPS measurements were 
performed by analyzing the polymer films spincoated on silicon oxide 
substrates. The samples were introduced through a load look system into 
an SSX-100 (Surface Science Instruments) photoemission spectrometer 
with a monochromatic Al K X-ray source (hν = 1486.6 eV). The base 
pressure in the spectrometer during the measurements was 10-10 mbar. 
The photoelectron takeoff angle was 37°. The energy resolution was set to 
1.3 eV to minimize measuring time. Sample charging was compensated for 
by directing an electron flood gun onto the sample. XPS binding energies 
were referenced to the carbon signal at 284.5 eV. Spectral analysis 
included a Shirley background subtraction and a peak deconvolution that 
employed Gaussian and Lorentzian functions in a least-square curve-
fitting program (WinSpec) developed at the LISE, University of Namur, 
Belgium. 

 

Figure 4.2. Schematic phase diagram showing the effect of swelling in different 
solvents. Trajectory 1-2 represents swelling in a nonselective solvent; trajectories 1-3 
and 1-4 represent swelling in a highly selective and a partially selective solvent, 
respectively. 
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4.3  Results and discussion 

To study the influence of solvent swelling on the morphology of thin 
films of PS-b-P4VP(PDP) supramolecules, two different systems were 
selected. The first one, P228(PDP)1.5, has a bulk cylindrical morphology, 
being situated somewhere in the middle of the hexagonally ordered 
cylindrical part of the phase diagram. The second system selected, 
P5154(PDP)1.0, has a bulk lamellar morphology but, as will be 
demonstrated, is not too far from the lamellar/cylindrical border to prevent 
a solvent-induced lamellar-to-cylindrical morphological transition. 

The underlying physics of solvent swelling has recently been well 
explained by Li and co-workers.45 When solvent is added to an AB diblock 
copolymer, the effective interaction parameter will change (whereby it is 
assumed that χAS and χBS are not strongly concentration dependent): 

)()( BSASABABeff χχχφχχφχ −+=Δ+≅  (1) 

where φ is the volume concentration of copolymer in the solvent and Δχ is 
the difference between A-solvent and B-solvent interaction parameters χAS 
and χBS. Upon addition of a neutral solvent, Δχ ~0 while φ decreases and 
thus χeffN, with N being the total block copolymer length, effectively 
decreases which may lead the system from an ordered state to a 
disordered one. This corresponds to a vertical trajectory in the phase 
diagram as schematically depicted in Figure 4.2 starting from a lamellar 
morphology. The effect of addition of a selective solvent is more 
complicated. If, for instance, an A-selective solvent is added to an AB 
diblock, then Δχ > 0 while φ decreases, which may result in an increase of 
χeff for low swelling degrees when Δχ dominates. For high enough swelling 
φ will dominate, resulting in a decrease of χeff again.45 At the same time, 
selective swelling of the A-block will lead to an increase of the volume 
fraction of A. This may result in a curved trajectory as is schematically 
depicted in Figure 4.2. It now goes without saying that swelling in a 
selective solvent may change the morphology of the system when a high 
enough swelling ratio is used. That it can thus be possible to switch a 
system between different morphologies by adjusting the swelling degree in 
a partially selective solvent has been proven by Hanley et al. for a 
polystyrene-block-polyisoprene (PS-b-PI) block copolymer in bulk,46,47 
recently by Gong et al. for polystyrene-block-poly(methyl methacrylate) (PS-
b-PMMA) diblock copolymers,41 and Huang et al. for polystyrene-block-
polybutadiene-block-polystyrene (SBS) triblock copolymers in thin films.34 
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An important observation in relation to the structure formation in 
thin films of solvent annealed PS-b-P4VP(PDP) supramolecules systems 
concerns the molecular mobility. Because of the presence of PDP, the 
mobility of PS-b-P4VP(PDP) supramolecules is strongly enhanced 
compared to the pure PS-b-P4VP diblock copolymers. As illustrated in 
chapter 3, PDP is also partly soluble in the PS phase, lowering not only the 
Tg of P4VP phase but also that of PS. It is this fact that made it actually 
possible to use the relatively high molecular weight block copolymers that 
were utilized in this study (Table 4.1). For pure PS-b-P4VP diblock 
copolymers with these molecular weights and subjected to the vapor 
pressures employed, significantly longer annealing times would have been 
necessary to reach equilibrium terrace morphologies. 

A final remark concerns the interaction between the different 
components. From a random copolymer blend miscibility study, the χ-
parameter value for the pure PS-b-P4VP diblock copolymer was determined 
to satisfy 0.30 < χPS-P4VP ≤ 0.35 (T ≅ 160 °C),48 and very recently, a similar 
value of 0.317 < χPS-P4VP ≤ 0.347 (T between 160 and 195 °C) was found 
from a diblock copolymer scattering study.49 Such a large value implies 
that PS-b-P4VP usually will be in the strong segregation limit already for 
moderate molar mass values and, hence, can often be swollen in very high 
vapor pressures without disordering. The additional presence of PDP, 
however, effectively lowers the χ parameter between PS and P4VP.  

To corroborate the decrease of the χ parameter, it is noticed that a 
gyroid morphology has been found for a PS-b-P4VP(PDP)1.0 system with a 
total Mw of 83300 g mol-1, of which the Mw of PS-b-P4VP alone was 45100 g 
mol-1.50 For the pure diblock copolymer this implies χN ≅ 130. If we 
assume that χN ≤ 60 for a gyroid phase to be formed, the effective 
interaction must have been reduced with more than a factor 2 due to the 
presence of PDP. Therefore, PS-b-P4VP(PDP) systems may be in the 
intermediate segregation regime already for fairly high molecular weights. 
For the present study this implies that solvent vapor annealing of the 
supramolecules systems may more easily result in disordering than for the 
corresponding pure diblock copolymer systems. 

4.3.1  Swelling of cylindrical P228(PDP)1.5 

Influence of film thickness. The P228(PDP)1.5 system is the first 
system used to study the influence of solvent vapor annealing on the 
morphology in thin films of PS-b-P4VP(PDP) supramolecules. Its bulk 
morphology consists of hexagonally ordered P4VP(PDP) cylinders in a PS-
rich matrix. Such systems are of direct interest as these may potentially be 
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used as nanoporous membranes after removal of PDP by simple 
dissolution (recall Figure 1.13).41 The phrase “PS-rich matrix” is used here 
because of the small part of the PDP amphiphiles that will reside in the PS 
domains as well.48  

First, a film of a thickness of ~74 nm was prepared by spin-coating 
and then annealed in chloroform. Chloroform is usually considered to be a 
nonselective solvent for pure PS-b-P4VP, but as the upcoming results will 
demonstrate, this is certainly not the case for PS-b-P4VP(PDP) 
supramolecules. The annealing in chloroform took place at a vapor 
pressure P1 (see the experimental section for a definition of the four 
different vapor pressures P0, P1, P2, and P3 used) for different periods of 
time, after which light microscopy images and AFM images were recorded 
(Figure 4.3 and Figure 4.4).52  

Directly after spin-coating, the films appear very rough with 
striations originating from the center of the film, a well-known effect for 
films spin-coated from a volatile solvent. Because of the fast solvent 

 

Figure 4.3. Light microscopy images of a 74 nm thin film of P228(PDP)1.5 under an 
AFM tip: (a) directly after spin-coating and swollen at vapor pressure P1 for (b) 15 
min, (c) 1 h, and (d) 4 h. The islands appear blue. The dimension of the figures is 
approximately 280 × 250 µm2. 
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evaporation, there is not enough time for structure formation, and the 
AFM topography image shows a poorly ordered morphology. However, 
already after 15 min of annealing, the film shows the beginning of terrace 
formation originating in the thickness variations of the striations, although 
the topography of the whole film consists of rather disordered short 
cylinders oriented in different directions.  

After 1 h, islands can clearly be distinguished, and more importantly, 
the islands and the lower terrace now exhibit different morphologies. The 
lower terrace of the film (denoted T1) shows parallel cylinders, whereas the 
islands (T2) display a hexagonal morphology caused by 
incommensurability of the cylindrical period with the film thickness. After 

 

Figure 4.4. Height AFM of a 74 nm thin film of P228(PDP)1.5: (a) directly after spin-
coating and swollen at vapor pressure P1 for (b) 15 min, (c) 1 h, and (d) 4 h. In (a) Δz 
~20 nm and in (b, c, d) Δz ~15 nm. Dark parts correspond to low height values. When 
terraces were present, pictures were recorded on the edge. For a clear contrast 
between the cylinders and the matrix images were flattened, hence the lack of 
visibility of the height difference between the terraces. T1 denotes the lower terrace 
and T2 the higher terrace. 
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4 h of annealing, the film has fully developed islands, and there exists an 
all-parallel cylindrical morphology; only the edges of islands display a 
hexagonal morphology. Longer annealing times will only result in 
rearrangement of the islands due to the Ostwald ripening effect, causing 
big islands to grow at the expense of the small islands. The time 
dependence of the mean island size has been extensively studied by Grim 
et al. for a lamellar PS-b-P2VP diblock copolymer and was found to obey a 
power law R ∝  t, with R the mean island size, t the annealing time, and  
ranging from 0.12 to 0.26 depending on the surface fraction of islands.53  

Figure 4.5 shows the TEM pictures of these films. Slight contrast 
variations indicate that the film was not completely flat, probably due to 
rippling of the film on the TEM grid, and that some cylinders are viewed 
from an angle. Because of this, it can be concluded that the hexagonal 
morphology between the terraces corresponds to short perpendicularly 
oriented cylinders. As the crystallization temperature of PDP as well as the 
Tg of the P4VP(PDP) phase lie around room temperature,54 the observed 
holes in the middle of some perpendicular as well as parallel cylinders are 
likely caused by the formation of small PDP crystallites. In Figure 4.5a 
most of this PDP has evaporated in the high vacuum of the TEM, leaving 
behind a core-shell structure with a clear contrast difference between the 
PS phase and the hole. The thickness of the terraces was measured as 
61.0 ±0.5 nm for T1 and 87.3 ±0.3 nm for T2, indicating a cylindrical layer 
thickness of approximately 87 - 61 = 26 nm. 

 

Figure 4.5. TEM of thin films of P228(PDP)1.5 on NaCl after 4 h of annealing at vapor 
pressure P1: (a) a single layer of parallel cylinders (T1) next to transitional 
perpendicular cylinders; (b) a double layer of parallel cylinders (T2) next to 
perpendicular cylinders. Holes in the middle of perpendicular as well as parallel 
cylinders are likely caused by crystallization and, in the case of a clear contrast 
difference between the hole and the PS phase, evaporation of PDP. 
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Subsequently, a thinner film of ~38 nm of P228(PDP)1.5 was taken. 
After annealing in chloroform vapor with the same vapor pressure P1, the 
behavior observed was similar to that of the thicker films with one 
important difference. Again T1 terraces with a thickness of 61 nm are 
formed; however, the transition to the lower terrace in this case is not well 
ordered hexagonal, and the lower terrace itself (denoted T0) appears 
featureless, indicating that a lamellar structure is formed at the SiO2 
interface (Figure 4.6). The formation of half-lamellae or brushes is well-
known for very thin films of PS-b-PVP block copolymers.42,55-57 PVP, having 
the highest interfacial energy, will preferentially wet the SiO2 surface, 
whereas PS will preferentially accumulate at the air interface. The 
thickness of the lamellar structure formed in the present case was 
measured to be 32.1 0.4 nm. This value is approximately the same as the 
thickness of one cylindrical layer. In the case of a polymer brush (half-
lamellar layer) absorbed on SiO2, the thickness of T0 is expected to be 
approximately half this value, so that it is very likely that T0 consists of 
one complete lamellar layer with P4VP(PDP) at both interfaces.  

To verify this assumption, XPS was employed to determine the 
surface composition (in terms of elements present) of an unannealed (as 
coated) and an annealed P228(PDP)1.5 thin film of 32 nm (Figure 4.7). From 
the relative intensities of the photoemission lines, the ratios of carbon, 
oxygen, and nitrogen for an unannealed film were determined to be 93 %, 
4 %, and 3 %, respectively. In the case of the ordered film these ratios were 
86 %, 6 %, and 8 %, correspondingly. These results indicate that the 

 

Figure 4.6. Height AFM of a ~38 nm P228(PDP)1.5 film after annealing at vapor 
pressure P1 for 4 h showing a transition from the first cylindrical layer (T1) to a 
featureless structure (T0). Δz ~20 nm; dark parts correspond to low height values. 
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nitrogen content as well as oxygen content are higher on the surface of the 
ordered film, as compared to the poorly ordered unannealed film, where a 
more or less homogeneous distribution of the components PS, P4VP and 
PDP is assumed. This confirms that P4VP(PDP) is preferentially segregated 
at the top surface of the ordered system.  

Hence, for PS-b-P4VP(PDP) supramolecules different boundary 
conditions apply as compared to the pure diblock copolymer. As an 
amphiphile, PDP probably has a strong preference for the air interface, and 
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Figure 4.7. X-ray photoelectron survey spectra of ~32 nm P228(PDP)1.5 thin films on 
silicon oxide. 

 

Figure 4.8. Schematic picture of the terrace morphology of P228(PDP)1.5 thin films. 
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as P4VP hydrogen bonds with PDP, the air interface is now preferential 
toward P4VP(PDP) so that symmetric boundary conditions apply, leading to 
the terrace morphology summarized in Figure 4.8. This morphology closely 
resembles the morphology found for a free-standing film of an asymmetric 
polystyrene-block-polybutadiene (PS-b-PB) diblock copolymer.25  

Theoretical calculations for asymmetric block copolymers, where also 
symmetric wetting conditions apply and both surfaces are attractive 
toward the minority block, also predict such behavior.17,19 The surface 
layer is transformed to a more planar morphology as the average mean 
curvature is decreased in order to adapt to the planar symmetry of the 
interface. Of course, the cylindrical structure that is observed in the higher 
terraces T1 and T2 is extremely collapsed due to the fast solvent 
evaporation. The cylindrical period of ~90 nm in the AFM images indicates 
a distance between layers of cylinders of 90 × sin(60) = 78 nm during 
swelling. This indicates a swelling degree of ≅ 78/26 = 3, which is in 
accordance with the observed color changes that occurred during swelling. 

Influence of vapor pressure. The vapor pressure dependence of the 
structure formation in the cylindrical thin films has been explored by 
annealing the ~74 nm P228(PDP)1.5 films for 15 min at different vapor 
pressures P0, P1, P2, and P3. Figure 4.9a shows a film annealed at P0. At 
this low vapor pressure only disordered micelles, occasionally growing into 
cylinders, and no distinct terrace formation can be seen, all indicating that 
the system is not mobile enough to form an ordered morphology within the 
15 min that were used. The result of 15 min of annealing at P1 can be 
recalled from Figure 4.4b, where already clear structure and terrace 
formation could be observed after this time, although all terraces showed 

 

Figure 4.9. Height AFM of a 74 nm thin film of P228(PDP)1.5 swollen for 15 min at 
vapor pressures: (a) P0, (b) P2, and (c) P3. In (a, b) Δz ~15 nm and in (c) Δz ~30 nm. 
Dark parts correspond to low height values. 
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the same morphology. For P2, the terraces already display different 
morphologies (Figure 4.9b), and finally, annealing at the highest vapor 
pressure P3 results in a smooth surface without a well-ordered 
morphology (Figure 4.9c), much like the topography image directly after 
spin-coating. Apparently, for this amount of chloroform a disordered state 
is formed during annealing, which results in a poorly ordered microphase-
separated morphology after the fast evaporation of chloroform, comparable 
to the structure formation from the dilute spin-coating solution. 

At low solvent concentrations such as P0, the mobility is low, and the 
formation of the equilibrium structure will take longer than at high 
concentrations. However, although the terraces did not reach their 
equilibrium terrace morphology at these short annealing times, the 
systems showed a tendency to form parallel cylinders at all vapor 
pressures except P3. Recently, Cavicchi and co-workers also varied the 
solvent concentration of chloroform in a polyisoprene-block-polylactide (PI-
b-PL) diblock copolymer thin film and found perpendicular cylinders for 
higher solvent concentrations.40 In their case, however, the solvent could 
mediate the interfacial interactions to make the air interface less selective 
to either block, which is different from this case, where the preferential 
interaction of P4VP(PDP) with the air interface is stronger than a possible 
solvent effect on the interfacial interactions. Furthermore, a spherical 
morphology was never observed in the P228(PDP)1.5 system, indicating that 
the system does not exhibit an order-order transition (OOT) between 
cylinders and spheres during swelling in chloroform and that the system 
crosses a direct boundary between the cylindrical and the disordered state. 
Although this boundary is very small in a theoretical phase diagram, it is 
not uncommon in experimental systems; e.g., it was found to exist over a 
large window for diblock copolymers of polystyrene and polyisoprene.46 

4.3.2  Swelling of lamellar P5154(PDP)1.0 

After having studied the behavior of a completely cylindrical system, 
the use of a system with a higher weight fraction of the P4VP(PDP) comb 
made it possible to study the thin film behavior at an OOT between 
lamellae and cylinders, as the final results will show. Figure 4.10 displays 
the morphology of the bulk lamellar system P5154(PDP)1.0 after 21 h of 
annealing at P0. At this low vapor pressure, the structure clearly consists 
of parallel lamellae, with some perpendicular lamellae at the edge of the 
terraces. Figure 4.11 shows the morphologies after 1 and 24 h of annealing 
at P1. At first sight the morphologies of T1 and T2 appear to be cylindrical; 
however, even after short annealing times at P1, a hexagonal structure 
indicating perpendicular cylinders was never observed. Together with the 
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absence of any perpendicular cylinders at the terrace edges, this suggests 
that the structure observed might not be simply cylindrical.  

Figure 4.12 shows a TEM picture of the system, where it can be 
clearly seen that T2 consists of two layers of cylinders, which smoothly 
transform into the structure of T1, where the P4VP(PDP) domains seem to 
be somewhat wider than for the cylinders in T2. In cross-sectional TEM 
images (Figure 4.13) the two wetting layers forming a lamella in the lowest 

 

Figure 4.10. Height AFM of P5154(PDP)1.0 after 21 h annealing at vapor pressure P0. 
Δz ~30 nm; dark parts correspond to low height values. 

 

Figure 4.11. Height AFM of P5154(PDP)1.0 after (a) 1 and (b) 24 h of annealing at 
vapor pressure P1. Δz ~15 nm; dark parts correspond to low height values. 
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terrace are now clearly visible. However, the structure in T1 does not seem 
to differ much from the cylinders in the higher terraces.  

To study this in more detail, AFM images of the surface structures 
were taken after washing away PDP (Figure 4.14). Now, the difference 
between T1 and T2 is very obvious, as the AFM tip can enter the surface of 
T1 much deeper. These differences can be explained by assuming that T1 

 

Figure 4.12. TEM of an 18 h annealed P5154(PDP)1.0 sample at vapor pressure P1. 
Holes in the P4VP(PDP) phase in (a) are again caused by crystallization of PDP. The 
arrow points to a defect where a cylinder in the top layer crosses a cylinder on the 
bottom layer. 

 

Figure 4.13. TEM of P5154(PDP)1.0 cross sections: (a) two wetting layers forming a 
lamella in T0; (b) the cross-sectional structure of T1; (c) T2 and T3, two and three 
layers of cylinders. 
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consists of perpendicular lamellae, shielded from the surfaces by two 
wetting layers, leading to the terrace morphology depicted in Figure 4.15. 
The perpendicular lamellae are very short and barely distinguishable from 
cylinders but have an important difference in chain distribution.  

During flushing with ethanol to wash away PDP, the polymer chains 
on the surface will rearrange, causing deep valleys in the lamellar 
structure. In the case of the cylindrical thin films where a wetting layer is 
always present, the P4VP(PDP) cylinders are shielded from the surface by 
two layers of PS blocks that cannot be easily penetrated, and only the PDP 
from the surface will be thoroughly washed away (Figure 4.16). The only 
height contrast in the AFM pictures of cylinders is caused by the AFM tip 
being able to compress the soft P4VP(PDP) domains. Perpendicular 

 

Figure 4.14. Height AFM of P5154(PDP)1.0 after 24 h of annealing at vapor pressure 
P1, washed with ethanol. 

 

Figure 4.15. Schematic drawing of the terrace morphology of P5154(PDP)1.0 at vapor 
pressure P1. 
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lamellae are well-known to form for thin films where the film thickness of a 
confined film is incommensurate with the lamellar period. However, when 
a film has enough freedom to form terraces, it will generally form an all 
parallel morphology. A seemingly stable terrace of perpendicular lamellae, 
even though shielded from the surface by a wetting layer, to the best of our 
knowledge, has not been observed before. 

An explanation for this unusual behavior can be found by looking at 
the structure of P5154(PDP)1.0 annealed at a lower vapor pressure P0 
(Figure 4.10) and a higher vapor pressure P2 (Figure 4.17). As mentioned 
before, at a lower vapor pressure P0, the structure clearly consists of 
parallel lamellae, whereas at the higher vapor pressure P2, the system 
forms some perpendicular cylinders. This proves that the system is near 
the phase boundary when swollen at P1.  

 

Figure 4.16. Rearrangement of the surface chains after washing away PDP in (a) 
perpendicular lamellar PS-b-P4VP(PDP) and (b) parallel cylindrical PS-b-P4VP(PDP). 
The cylinders are shielded by a double layer of PS blocks, leaving the ethanol unable 
to enter and wash away PDP from within the cylinders. 
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Figure 4.17. Height AFM of P5154(PDP)1.0 after 17 h of annealing at vapor pressure 
P2. Δz ~15 nm; dark parts correspond to low height values. 

 

 

Figure 4.18. Phase diagram of surface reconstructions calculated for an A3B12A3 melt. 
Reproduced from ref. 17 with permission. Copyright 2004, American Institute of 
Physics. 
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In a thin film, the final morphology of a terrace is a result of the 
interplay between the composition of the polymer and the surface field. 
The surface fields extend into the bulk with a decay length of about one to 
one and a half microdomain spacing, and they are additive, meaning that 
for very thin films the effects of both surfaces combine.17 That is why 
theoretically, for cylindrical A3B12A3 triblock films with a thickness of up to 
3 times the natural layer thickness and a strongly A attractive surface, the 
inner structure of the film was found to be reconstructed to form two 
layers of perforated lamellae, with a wetting layer near the surfaces.17 For 
thicker films the surface fields do not combine that strong anymore, and 
the inner structure takes the bulk (parallel) cylindrical form (Figure 4.18, 
line A).  

For a slightly weaker surface field, the transition from perforated 
lamellae to cylinders within the film occurs earlier, and the perforated 
lamellar phase can only be found in the middle of a film with a thickness 
of 2 times the natural layer thickness (Figure 4.18, line B). Finally, for 
more weaker (more strongly B attractive) surface fields, the structure of the 
surface changes, from a wetting layer, to perpendicular cylinders, to 
parallel cylinders, to perforated lamellae, and finally to lamellae for a 
strongly B attractive surface (Figure 4.18, line C and Figure 1.4). 

 

 

Figure 4.19. Height AFM (Δz = 8 nm) of T1 (the structure of T2 was identical) of a ~50 
nm thick P141(PDP)0.3 (Mn,PS = 42100 g mol-1, Mn,P4VP = 8100 g mol-1) thin film 
annealed for 3 h in a setup which was continuously flushed with a chloroform 
saturated nitrogen stream (vapor pressure < P0) forming hexagonally perforated 
lamellae. 
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Although these calculations were done for a triblock, they were 
proven to qualitatively apply equally well for an AB diblock. However, the 
calculations concerned the intermediate segregation regime (χN ≅ 35), 
whereas in this case, we are dealing with a more strongly segregated 
system, where the formation of a perforated lamellar phase is not obvious 
and the surface field might be expected to drive a system directly from 
lamellar to cylindrical. This assumption is supported by the fact that for 
thin films of PS-b-P4VP(PDP) with a lower molecular weight, where 
intermediate segregation applies, hexagonally perforated lamellar phases 
have indeed been found (see for example Figure 4.19). 

For a very thin film (T0), the combined effect of the preferential 
interaction of both the SiO2 and the air interface with P4VP(PDP) causes 
the structure to be lamellar (two wetting layers) for both comb copolymer 
systems used in this study; nevertheless, for the thicker films (T1 and T2), 
the surface field is diminished enough to allow the system to adopt its 
“bulk” structure in the middle of the film, with a half-lamellar wetting layer 
at both surfaces. However, as the composition of the P5154(PDP)1.0 system 
is on the edge between lamellar and cylindrical for the vapor pressure P1, 
we now have to take into account not only the surface field but also the 
composition of the system. Figure 4.20 shows a schematic morphology 
diagram for the swollen P5154(PDP)1.0 system near the borderline between 
a lamellar and cylindrical morphology as it follows from all these 
observations. In this diagram the surface morphologies are given as a 
function of the layer thickness t/L0 and the volume fraction of PS, fPS, 
which can be altered by changing the chloroform vapor pressure according 
to Figure 4.2. Only the small window of fPS that is near the 
cylindrical/lamellar phase boundary is represented. As the system is in 
the strong segregation regime for low enough vapor pressures, only parallel 
cylinders and lamellae are expected to form stable terraces. Furthermore, 
as both surfaces are very strongly attractive toward the P4VP(PDP) block, a 
wetting layer is always present. The wetting layers effectively screen the 
surface field, and the films can also be regarded as being one layer thinner 
and trapped between two slightly weaker PS attractive surfaces. The 
surface field also causes the asymmetry in the system; there for thinner 
films, where the surface fields interact more strongly, the system will be 
driven toward a planar geometry at lower volume fractions than for thicker 
films. For a higher volume fraction of the PS block, the cylindrical form 
evidently becomes more stable than the lamellar form; however, at the 
boundary between the two stable phases, at a layer thickness of about 2 
times the equilibrium layer thickness, possibly neither parallel cylinders 
nor parallel lamellae may be stable, and the system will form 
perpendicular lamellae or cylinders. In the case of swelling at P1 only 
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perpendicular cylinders are stable, but swelling at P2 shifts the volume 
fraction fPS slightly to the right, where both perpendicular cylinders and 
lamellae are stable (an assumption supported by Figure 4.17). Films with 
this thickness are expected to form terraces with a thickness of 1 and 3 
times the layer thickness; however, the perpendicular structure may be 
kinetically trapped due to the large height difference between the two 
terraces. This suggests that the morphology that was found for T1 is only a 
long-lived metastable state, which is corroborated by the height that was 
measured for the different terraces: T0 and T2 were measured to be 27.6 
0.1 and 92.8  0.7 nm, respectively, yet the value for T1 ranged from 57 to 
63 nm depending on the original film thickness.  

Furthermore, it was tried to swell the system at higher vapor 
pressures to obtain a completely cylindrical morphology; however, this was 
not successful. The morphology did become cylindrical; however, the 
structure contained a high amount of defects in the form of 
interconnections between neighboring cylinders. This might be caused by 

 

Figure 4.20. Qualitative phase diagram of surface reconstructions for a strongly 
segregated diblock copolymer near an L-C phase boundary at a fixed (P4VP(PDP) 
attractive) surface field as a function of the number of layers t/L0 and the volume 
fraction of the PS block fPS. W represents a wetting layer; C┴ (L┴) and C║ (L║) 
symbolize perpendicular and parallel cylinders (lamellae), respectively. The diagram 
represents only a small part of the total phase diagram where fPS is near the 
lamellar/cylindrical border. For smaller fPS values the diagram obviously only 
contains lamellae, whereas for higher values only cylinders are stable. 
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the fact that at higher vapor pressures χPS-P4VP,eff was low enough for the 
system to be in the intermediate or weak segregation regime. As the system 
was on the edge between lamellar and cylindrical and maybe even almost 
disordered, the structure might be a kind of badly ordered interconnected 
structure. Furthermore, it was difficult to obtain a repeatable vapor 
pressure in the region between P2 and P3 in the used setup. As the 
morphology at higher vapor pressures is likely to be more strongly 
dependent on the vapor pressure, obtaining reproducible results in this 
regime was not straightforward. 

4.4  Conclusion 

The thin film behavior of high molecular weight asymmetric PS-b-
P4VP(PDP) comb-shaped supramolecules on silicon oxide annealed in 
chloroform was investigated. As opposed to the pure PS-b-P4VP diblock, 
where PS segregates at the air interface due to the low surface energy of 
PS, in the case of PS-b-P4VP(PDP), P4VP(PDP) segregates at the air 
interface due to the preferential interaction of the amphiphile PDP with the 
air interface, which results in symmetric boundary conditions. Because of 
the presence of PDP, which can be considered to be a highly selective 
solvent toward P4VP, the systems are extremely mobile as compared to the 
pure diblock copolymer and also the effective χ parameter between PS and 
P4VP is lowered. Nevertheless, at the employed vapor pressures, the 
systems were still considered to be in the strong segregation regime. It was 
found that a bulk lamellar system with a composition close to the 
lamellar/cylindrical border could be switched between these two different 
morphologies, depending on the solvent vapor pressure of the partially PS 
selective solvent chloroform. Swelling of this system at a specific vapor 
pressure resulted in terraces of metastable perpendicular lamellae and 
parallel cylinders in a single film. This was attributed to the fact that the 
composition of the system was at a phase boundary between lamellar and 
cylindrical at the used vapor pressure. The influence of the surface field 
could shift the structure of thinner films toward a more planar 
morphology, and due to the strong segregation, this resulted in 
perpendicular lamellae instead of an intermediate perforated lamellar 
structure. This behavior should not necessarily be specific to PS-b-
P4VP(PDP) supramolecules and may also apply to other strongly 
segregated block copolymer systems. Finally, the results were summarized 
in a phase diagram (Figure 4.20). 
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4.5  Appendix 

In this chapter, the possibility of morphology switching by annealing 
in a selective solvent was illustrated. The morphology of a bulk lamellar 
PS-b-P4VP(PDP) system could be changed to partially cylindrical by 
annealing in chloroform, a non-selective solvent for the pure PS-b-P4VP 
diblock, but a PS selective solvent for the comb-copolymer system. 
However, for certain systems, a complete morphology switching is possible. 
For example, Figure 4.21 shows the morphology of a P5154(PDP)0.5 thin 
film after annealing at vapor pressures P1 and P2 in a solvent mixture of 
86 % chloroform and 14% dioxane, a mixture which is more selective 
towards PS than pure chloroform. For vapor pressure P1, all terraces 
(except T0) exhibit a striped, and hence parallelly cylindrical morphology, 
whereas for P2, all terraces higher than T0 exhibit a hexagonal dot pattern, 
indicative of a spherical morphology. As a truly non-selective solvent does 
not exist for any block copolymer, these results once again indicate that 
extreme care should be taken in concluding the interior morphology from 
the surface pattern of a thin film. Even though the block copolymer may 
form a cylindrical morphology in bulk, a hexagonal dot pattern (or quasi 
hexagonal for films thicker than 4 layers, which form a face centered 
orthorombic (FCO) morphology with in-plane symmetry that approaches 
that of a slightly distorted BCC (110) plane)106 obtained after solvent 
swelling does not necessarily originate from perpendicular cylinders. This 
is especially true if additives are involved, as their solubility in the different 
polymer phases may be highly dependent on the solvent concentration.  

 

Figure 4.21. AFM of T1 of ~80 nm P5154(PDP)0.5 thin films after annealing at P1 (a, 
Δz = 23 nm) and P2 (b, Δz = 32 nm). 
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Furthermore, as especially small structures, obtained from low 
molecular weight block polymers, are of interest for many nanotechnology 
applications, care should also be taken about the resolution of the imaging 
techniques. Figure 4.22 shows the TEM of a cross section of a relatively 
thick film of high molecular weight P4044(PDP)1.25 (Mn(PS) = 365000 g   
mol-1, Mn(P4VP) = 34000 g mol-1, Mw/Mn = 1.11) comb copolymer on a 
polyacrylonitrile (PAN) substrate, forming a spherical morphology during 
annealing at vapor pressure P2. The spherical structure has collapsed 
after solvent evaporation, and the cross section through different crystal 
planes of the FCO morphology can be observed.58 However, for low 
resolution images, for example because the microdomains are much 
smaller, these structures could easily be mistaken for perpendicular (left 
side of the picture) or tilted (right side) cylindrical structures. 
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Chapter 5 

Hierarchical Terrace 
Formation in PS-b-P4VP(PDP) 

Supramolecular Thin Films 

The terrace formation behavior of chloroform vapor annealed thin films of 
asymmetric, low molecular weight comb-shaped supramolecules consisting 
of a short polystyrene (PS) block and a long supramolecular block of poly(4-
vinylpyridine) (P4VP) hydrogen bonded with pentadecylphenol (PDP) on 
silicon oxide (SiO2) was examined with atomic force microscopy. During 
annealing, PS microphase separated from the disordered P4VP(PDP) comb, 
resulting in the formation of terraces of parallelly oriented microdomains of 
PS in a matrix of P4VP. Upon evaporation of the solvent, the P4VP(PDP) 
combs dropped below their order-disorder transition, and formed alternating 
layers of P4VP and PDP, which for high P4VP(PDP) fractions were also 
oriented parallel to the substrate. This resulted in terraces of the short 
P4VP(PDP) length scale within terraces of the PS-P4VP long length scale. 
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Washing away PDP from the thin films with ethanol provided an effective 
means of studying the morphology of the lowest terrace of the thin films and, 
for a particular system, also resulted in a uniform monolayer of cylinders 
with a PS core and a P4VP corona. 

5.1  Introduction 

Although some common behavior in thin films of simple coil-coil 
diblock copolymers has been identified, every system remains unique due 
to the different interfacial interactions of the used polymers and 
substrates.1-5 The thin film behavior of more exotic block copolymer 
systems is even more of a mystery, and especially detailed investigations 
on supramolecular systems are rare,6-7 even though the use of these 
systems poses several advantages over simple diblock copolymer systems 
(see Chapter 1). The previous chapter reported on the thin film behavior of 
high molecular weight PS-b-P4VP(PDP) comb copolymers with a relatively 
long PS block. In bulk, these systems give rise to microphase separation 
into structures-within-structures, where P4VP microphase separates from 
the PDP amphiphiles on a short length scale of ~4 nm, and PS and the 
complete P4VP(PDP) comb microphase separate on a long length scale (10 - 
100 nm) perpendicular to the short length scale.8 In chloroform vapor 
annealed thin films, an increased selectivity of chloroform towards the PS 
block as compared to the pure diblock copolymer was found, resulting in 
morphology switching of the large length scale for different vapor 
pressures. At a certain vapor pressure, a bulk lamellar system was on the 
boundary between the lamellar and cylindrical phase and hence formed 
metastable perpendicular lamellae. However, the morphology of the short 
length scale was not observed, although also not explicitly investigated. In 
a recent study on low molecular weight PS-b-P4VP(PDP), structures-
within-structures have been observed. At low chloroform vapor pressures 
and high P4VP(PDP) fractions the large length scale was found to orient 
perpendicular to the substrate, and the short length scale oriented 
parallelly.9 Also in other thin film studies of comb-shaped supramolecules, 
structures-within-structures have only been reported very recently when 
Albrecht et al.7 reported on the thin film morphologies of poly(2-
vinylpyridine)-block-poly(ethylene oxide) (P2VP-b-PEO) diblock copolymers, 
complexed with wedge-shaped amphiphilic sulfonic acid molecules able to 
form liquid-crystalline structures. They found that the short length scale 
preferentially oriented parallel to both the substrate and the air interface, 
resulting in perpendicularly oriented PEO microdomains and terraces that 
had a step height of one smectic layer.7  
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The present chapter reports on the hierarchical structure formation 
of chloroform vapor annealed PS-b-P4VP(PDP) comb copolymer thin films 
on silicon oxide. In contrast to the previous chapter, which considered 
asymmetric systems with a large PS block and high molecular weights, the 
present study focuses on systems that are asymmetric with a large comb 
fraction and have a significantly lower molecular weight. As will be 
explained, chloroform vapor annealing of these systems at higher vapor 
pressures than used by Tung et al.9 results in hierarchical terrace 
formation of terraces with a large length scale step height that are 
subdivided into terraces with the step height of the short length scale. As 
opposed to the bulk systems, the long and the short length scale are 
oriented parallel instead of perpendicular to each other.  

Table 5.1. Properties of systems studied at Ts = 20 °C. 

Sample a 
fP4VP 
resp.  
fcomb 

Structure b Thickness (nm) c 

  T0 T1 T2 T0 T1 T2 
P3546 0.487 W W-L W-L-L 10.8 32.4 54.7 
P3546(PDP)0.1 0.551 L L-L L-L-L 16.7 35.7 53.9 
P3546(PDP)0.2 0.600 C C- L C-L-L 16.9 34.0 50.7 
P3546(PDP)0.5 0.699 C C-C C-C-C 19 38 54 
P3546(PDP)1.0 0.787 S S-C S-C-C 17 34 55 
P110 0.305 - - - - - - 
P110(PDP)0.1 0.362 L L-L L-L-L 22.4 44.4 66.3 
P110(PDP)0.2 0.409 L L-L L-L-L 20.4 41.9 60.9 
P110(PDP)0.5 0.518 L L-L L-L-L 19.2 41.9 67.4 
P110(PDP)1.0 0.631 C C-C C-C-C 20 44 68 
P110(PDP)1.5 0.701 C C-C C-C-C 20 47 73 
P141(PDP)1.0 0.428 L L-L L-L-L 15.7 34.6 55.0 

a Subscripts denote the number of PDP molecules per pyridine ring. b W = half-
lamellar wetting layer, L = lamellar, C = PS cylinders in P4VP(PDP) matrix, S = PS 
spheres in P4VP(PDP) matrix, PL = perforated PS lamellae. All structures are parallel 
to the surface: except for the transition morphologies, no perpendicular structures 
have been observed. c The thickness of the lamellar structures can be determined 
relatively accurately, the thickness of other terraces should only be regarded as an 
indication. P110 did not form any terraces or microphase separated structures under 
the used conditions. 
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5.2  Experimental section 

5.2.1  Materials and sample preparation 

Materials. Three PS-b-P4VP diblock copolymers were acquired from 
Polymer Source Inc. and used as received: P3546-S4VP (Mn(PS) = 20000 g 
mol-1, Mn(P4VP) = 19000 g mol-1 and Mw/Mn = 1.09), P110-S4VP (Mn(PS) = 
47600 g mol-1, Mn(P4VP) = 20900 g mol-1 and Mw/Mn = 1.14) and P141-
S4VP (Mn(PS) = 42100 g mol-1, Mn(P4VP) = 8100 g mol-1 and Mw/Mn = 
1.08). Homopolymer P4VP with a molecular weight of 50000 g mol-1 was 
obtained from Polysciences, Inc. and used as received. 3-n-
Pentadecylphenol was purchased from Aldrich and was recrystallized twice 
from petroleum ether (40-60 w/w) and dried in a vacuum at 40 °C. 

Film preparation. Silicon substrates of ~1 cm2 with a native silicon 
oxide layer (SiO2) on the surface were cleaned by CO2 snow jet cleaning 
and used immediately afterward. PS-b-P4VP (or P4VP) and PDP (in 
different stoichiometrical amounts, see Table 5.1 for details) were dissolved 
in chloroform and shaken for at least 2 h to yield 1 - 2 wt% stock 
solutions. These solutions were diluted and spin coated onto the freshly 
cleaned silicon wafers at speeds between 2000 and 5000 rpm to give films 
of the desired thickness (~70-80 nm as judged from AFM scratch tests and 
the dark brown color of the films, see Figure 4.1). After spin coating, a 
scratch was made in the polymer film with a razor blade, being careful not 
to damage the silicon itself. 

Chloroform vapor annealing was carried out in a small sealed 
chamber. The temperature of the polymer samples on silicon Tp was kept 
at 24 °C with the use of a Tamson TC heating circulator, while a small 
solvent reservoir of which the temperature Ts was adjusted between 19 °C 
and 21 °C using a Lauda RC6 CP refrigerated circulator was included. The 
temperatures of the sample and the solvent reservoir were kept constant to 
within ± 0.05 °C, while Ts was always lower than the ambient temperature 
to avoid condensation on the chamber walls. By variation of the solvent 
temperature, the solvent vapor pressure inside the chamber could be 
adjusted, resulting in different swelling ratios of the polymer films.10 After 
annealing the lid of the chamber was lifted, and solvent in the films 
evaporated within a fraction of a second. Unless stated otherwise, samples 
have been annealed for a period of 20-24 h. For clarification of the terrace 
structures, PDP was gently washed from the films by immersion in ethanol 
for approximately 30 s, after which the films were blown dry in a stream of 
nitrogen. In order to reveal the structure of the bottom terrace, the films 
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were treated in ethanol with ultrasound for ~3 min, resulting in removal of 
the top layers. 

5.2.2  Instrumental methods 

Atomic Force Microscopy. AFM measurements were carried out on 
a Digital Instruments EnviroScope AFM equipped with a Nanoscope IIIa 
controller in tapping mode using Veeco RTESPW silicon cantilevers (f0 = 
240-296 kHz and k = 20-80 N m-1 as specified by the manufacturer). AFM 
images were typically obtained with a frequency of 1 Hz/line and always 
included a part of the bare silicon surface on the left. For measurement of 
the terrace heights, a plane was fitted to the bare substrate of a scan with 
an aspect ratio of 1:8 to minimize distortion along the slow scanning axis, 
after which the height was analyzed using a depth profile (see Figure 5.1). 
For publication, most pictures (except Figure 5.1) have been treated with a 
flattening filter in order to facilitate the perception of the terrace 
microdomain structures, rather than focusing on the height difference 
between the terraces. 

5.3  Results and discussion 

First, a ~75 nm scratched film of the bulk lamellar diblock copolymer 
P3546 was swollen using a Ts of 20 °C, resulting in swelling of the film to 
approximately 2 - 2.5 times the original film thickness, as judged from the 
color change from a dark brown to a light blue film. During annealing, the 
scratch is refilled with polymer, resulting in terrace formation at the edge 
of the scratch. Figure 5.1 shows the resulting AFM image after fitting a 
plane to the bare substrate next to a film that was annealed for 21 hours, 
clearly revealing the different terrace heights also shown in the cross-
section. The depth analysis of the film is also shown, where the peaks 
correspond to the depths of the different terraces measured from the 
highest point in the film. A wide terrace (T0, T2 and T3) corresponds to a 
large peak area, whereas a shorter terrace (T1) results in a smaller peak. 
The sharpness of the peak is a measure for the thickness variations within 
the terrace. The terrace heights can be determined from the peak positions 
and have been summarized in Table 5.1. The height of T0 (10.8 nm) is half 
the value of the thickness increases for the other terraces (~22.0 nm on 
average), showing that a half-lamellar wetting layer is formed at the silicon 
interface, an effect that is well-known for thin films of PS-b-P4VP diblock 
copolymers. Due to the strong interaction of P4VP with the SiO2 interface, 
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and the lower surface free energy of PS, PS-b-P4VP diblock copolymers 
exhibit asymmetric wetting conditions, resulting in terrace heights of (n + 
½) L.11 

In the previous chapter on PS-b-P4VP(PDP) comb-copolymer thin 
films, it was found that PS-b-P4VP(PDP) supramolecules with at least one 
PDP molecule per pyridine ring exhibited symmetric wetting conditions, 
due to the favorable interactions of PDP with the air interface as opposed 
to the pure diblock where PS preferentially segregates at the air interface. 
One could wonder if the addition of only a very small amount of PDP could 
result in a neutral air interface. The AFM height image of a P3546(PDP)0.1 
thin film (Figure 5.2a) shows that as little as 10% of PDP molecules per 
pyridine ring is already enough to alter the wetting conditions. Again a 
scratch has been made in the film before annealing, this time resulting in 
dewetting of the film away from the scratch edges, indicating that the 
interaction of the P4VP(PDP) comb with the SiO2 substrate is less favorable 

 

Figure 5.1. (upper) AFM height image and (middle) profile of P3546 annealed at Ts = 
20 °C for 21 h. (lower) Depth profile (gray droplines) and FFT smoothing (black line). 
The shoulder next to the T3 peak is caused by the slight bump at the onset of the 
terrace. 
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than the interaction of pure P4VP with SiO2. The different terraces can 
again be observed, although the terrace widths are on average smaller 
than for the pure diblock copolymer, most likely due to the dewetting 
mechanism, compressing instead of stretching the material at the scratch 
edges. The exact width of a terrace is the result of the interplay between 

 

Figure 5.2. AFM height images of annealed thin films before rinsing with ethanol
(upper), after gentle rinsing with ethanol (middle) and after ultrasound treatment
(lower) of (a) P3546(PDP)0.1, (b) P3546(PDP)0.2, (c) P3546(PDP)0.5 and (d) P3546(PDP)1.0. 
Δz ranges from 25 to 150 nm, however, either plane fit or flattening filters have been 
used on the images to gain an optimal contrast for viewing the microdomain
structures. After gentle rinsing of P3546(PDP)1.0 (d), the scratch on the left side has 
filled with small rods and spheres that have been washed off from the film. After
ultrasound treatment, the whole film therefore had approximately the same height
and the scratch could not be located anymore with an optical microscope, hence the 
picture after ultrasound is one of the bottom of the bulk of the film. 
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the initial film thickness, the angle of the scratching knife, the mobility 
and the surface interactions, and can not be used as an absolute measure. 
The terrace heights were again obtained from a depth profile and are 
summarized in Table 5.1. The height of T0 (16.7 nm) is now almost 
identical to the thickness increase of the other terraces (~18.6 nm), 
indicating symmetric wetting conditions. As observed in bulk systems, the 
overall thickness of the lamellae has been reduced compared to the pure 
diblock copolymer as a result of the presence of PDP.12 Gentle washing of 
the film in ethanol to remove PDP more clearly reveals that the surface 
layers of the terraces have remained lamellar (middle picture of Figure 
5.2a). Due to the relatively high P4VP(PDP) fraction in the used systems, 
ultrasound treatment of the films in ethanol results in exfoliation of the 
top layers of terraces, whereas the bottom terrace remains fixed to the 
substrate due to the strong interactions of P4VP with SiO2. This is an easy 
method to reveal the structure of the bottom terrace, which, in the case of 
P3546(PDP)0.1 is also lamellar with some dot defects. The transitions to T0 
and T1 contain perpendicular lamellae and perforated lamellae. For 
theoretical papers that explain transition morphologies, see refs. 1 and 2. 

Addition of somewhat more PDP results in a more striking difference. 
As known from the previous chapter, chloroform is a selective solvent 
toward PS in the case of PS-b-P4VP(PDP) comb-shaped supramolecules 
while it is a nonselective solvent for the pure diblock copolymer. The 
reason for this is not clear, although arguably, the exact selectivity is a 
function of the P4VP(PDP) comb fraction and the stoichiometric amount of 
PDP in that comb. Nevertheless, taking into account that bulk P3546 has a 
lamellar structure, whereas P3646(PDP)1.0 forms PS cylinders in a matrix 
of P4VP(PDP), one can assume that at a certain composition while swelling 
at a Ts of 20 °C, P3546(PDP)x is on a phase boundary between lamellae and 
cylinders for a certain x value. This is most likely the case for 
P3546(PDP)0.2. T0 exhibits a stripe/dot pattern, whereas the higher 
terraces remain lamellar. After washing and ultrasound treatment (Figure 
5.2b), the careful conclusion can be drawn, that only the bottom layer 
shows this stripe/dot pattern, whereas the layers on top remain lamellar. 

Now that the top and bottom layers exhibit different morphologies, 
one could argue that the boundary conditions are in fact not symmetric, 
and to quite a large extent this is also true. Until now, both interfaces were 
treated as being selective toward the entire P4VP(PDP) comb, but of course 
this is an oversimplification of the matter. The alkyl tails of PDP have a 
very low surface free energy, while on the other hand it has been shown 
that the interaction of SiO2 with P4VP is strong enough to withstand 
ultrasound treatment in ethanol, a good solvent for P4VP. This means, that 
air is selective toward PDP, while SiO2 is P4VP selective. The consequence 
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is that there will be a PDP concentration gradient away from the SiO2 
interface. The slightly higher concentration of PDP several nanometers 
away from the SiO2 surface is just enough to change the morphology to a 
mixture of perforated lamellae and cylinders (Figure 5.3). The preferential 
interaction of PDP with air does not have a striking influence on the 
morphology, and the effect also does not exceed the first layer, explaining 
why only the bottom layer exhibits a different morphology. 

For an even higher amount of PDP as in P3546(PDP)0.5 one would 
now expect an all cylindrical morphology and that this is the case can be 
seen in Figure 5.2c. However, another feature can also be detected. After a 
close look at the boundary region between the polymer film and the SiO2 
interface, smaller terraces can be observed, while there also is a presence 
of the large length scale terraces forming the PS cylinders, which can 
clearly be seen after washing of the sample. So to speak, the large terraces 
are subdivided into several smaller terraces. This effect is even more 
pronounced for P3546(PDP)1.0 as can be seen in Figure 5.2d. The structure 
of the bottom layer in this case consists of a mixture of spheres and short 
cylinders, again caused by the PDP concentration gradient. The higher 
terraces consist of parallel cylinders, with transitional perpendicular 
cylinders in between all terraces. The depth profile also clearly shows the 
hierarchical terrace structure. A magnification of the lowest terraces and 
the depth profile are given in Figure 5.4. 

For the two samples with the lowest amounts of PDP, we have not 
taken into account nor observed the small length scale structure of the 
P4VP(PDP) comb. This is not surprising, as we have used ratios of 0.1 and 
0.2 PDP units per pyridine ring. From previous studies on P4VP(PDP) 
supramolecules, it is known that the TODT of P4VP(PDP) drops from ~62 °C 
for a 1:1 ratio of PDP:P4VP to ~47 °C for a 0.5:1 ratio and even lower 

 

Figure 5.3. Schematic picture of the influence of the PDP gradient. On the left side the 
situation of a surface that is equally attractive toward P4VP and PDP is sketched. On 
the right side, the PDP gradient increases the spacing between the P4VP chains near 
the PS-P4VP interface, inducing curvature. 
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values for smaller amounts of PDP.12 Since the systems were additionally 
swollen to ~2.25 times the original film thickness, further shielding the 
interactions between P4VP and PDP, they have been far above the order-
disorder transition of the P4VP(PDP) comb during swelling, and 
presumably only very close to the ODT after solvent evaporation, 
explaining why the small length scale structure was not observed. 

To corroborate these assumptions, P4VP(PDP)x thin films with x = 
0.2, 0.5 and 1.0 have been swollen under the same conditions (Ts = 20 °C) 
for 2 h. Longer annealing times only resulted in more dewetting of the films 
due to the high mobility of the systems, but did not have any effect on the 
ordering in the films, indicating that the films are indeed disordered during 
annealing. Films of P4VP(PDP)1.0 seriously dewetted, however, the results 
of swelling P4VP(PDP)0.2 and P4VP(PDP)0.5 can be found in Figure 5.5. For 
P4VP(PDP)0.2 indeed no terrace formation can be observed, except for a 
very small step at the onset of the P4VP(PDP) layer, which may indicate 
that the system is near its ODT after evaporation of the solvent. 
P4VP(PDP)0.5 clearly shows the formation of terraces for lower parts of the 

 

Figure 5.4. AFM height image (Δz = 25 nm, data has been flattened) and depth profile 
of P3546(PDP)1.0. The black line is an FFT smoothing of the data, the distance 
between the small peaks is ~4 nm. The dotted line is the result of more drastic data 
smoothing, from which can be concluded that the smaller terraces are a part of 3 
large length scale terraces. The right bottom picture (Δz = 70 nm) shows the structure 
of T0 and the transitional layer of perpendicular cylinders as well as small parts of 
the bottom layer and the top layer of parallel cylinders of T1 after washing. 



5.3 Results and discussion  117 

 

film. Higher areas do not display distinct terrace formation due to the 
decreased alignment effect in the middle of the film. The depth profile 
shows that the alignment effect continues for a film thickness of up to 45 
nm. This value is dependent on the ratio of P4VP:PDP, and will be higher 
for more equal amounts of pyridine rings and PDP. Recall that the 
alignment of the P4VP(PDP) layers spanned the entire 60 nm film 
thickness shown of P3546(PDP)1.0 (Figure 5.3d and Figure 5.4), while only 
the first few layers of P3546(PDP)0.5 were aligned. 

In bulk PS-b-P4VP(PDP) systems, the short length scale is always 
oriented perpendicular to the large length scale, while the terrace 
structures of P3546(PDP)0.5 and P3546(PDP)1.0 indicate that both the large 
and small length scale are oriented parallel to the surface. This seems to 
be in contradiction, but can easily be explained. During swelling, the 
P4VP(PDP) comb is above its order-disorder transition and terraces of 
parallelly oriented PS cylinders in a matrix of P4VP(PDP) are formed, 
however, during solvent evaporation, the P4VP(PDP) comb drops below its 
order-disorder transition and forms layers which spontaneously orient 
parallel to the surface due to the preferential interaction of P4VP with SiO2 

 

Figure 5.5. Height AFM and depth profiles of (a) P4VP(PDP)0.2 and (b) P4VP(PDP)0.5 
after 2 h of annealing at Ts = 20 °C. The bright dots in part a are likely caused by 
crystallization of PDP. The scratch in part b is covered with a perforated layer of PDP 
or P4VP(PDP); hence, the shoulder of the high peak (near 80 nm) in the depth profile 
corresponds to the SiO2 surface. 
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and of PDP with air. In the ideal case, the PS cylinders would now orient 
perpendicular to the surface, nevertheless, as the solvent evaporates too 
fast for the large structures to reorient, what remains is a hybrid structure 
where both the large length scale as well as the small length scale are 
oriented parallel to the surface (Figure 5.6). The alignment effect is the 
strongest near the straight SiO2 interface and will presumably be 
somewhat less pronounced near the less rigid air interface. In the middle 
of thicker terraces, the alignment effect of the surfaces is diminished and 
the alignment will probably not be strictly parallel. 

P110 systems were also annealed in a similar fashion, giving 
comparable results as the P3546(PDP)x systems, however, due to its higher 
molecular weight and hence lower mobility as compared to P3546, swelling 
pure P110 at Ts = 20 °C does not result in terrace formation nor in 
microdomain structure formation. Addition of even a small amount of PDP 
imparts considerable mobility and results in a lamellar morphology for 
P110(PDP)x with x = 0.1, 0.2 and 0.5, resulting in comparable structures 
as for P3546(PDP)0.1 when swelling at Ts = 20 °C. A higher amount of PDP 
is necessary to induce a phase transition to PS cylinders, and that has 
occurred for P110(PDP)1.0, which exhibits an all cylindrical morphology 
comparable to P3546(PDP)0.5, but just as for this system, the terrace-
within-terrace structure is not as clear as for P3546(PDP)1.0 and can only 
be observed in a few layers close to the SiO2 interface. In this case, this is 
likely caused due to the lower P4VP fraction, complicating the movement of 
the short P4VP chains in an orientation parallel to the PS cylinders.  

 

Figure 5.6. Schematic drawing of terrace formation. During annealing P4VP(PDP) is 
disordered and PDP merely acts as a selective solvent for P4VP, while the PS-b-P4VP 
block copolymer forms terraces of parallelly oriented cylinders. During solvent 
evaporation P4VP(PDP) drops below its ODT and forms terraces which are also 
parallel to the surface. 
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Furthermore, at this higher fraction of PDP, the overall mobility of 
the sample has decreased somewhat, which is illustrated in Figure 5.7. 
Figure 5.7a shows the surface structure of the pure diblock copolymer 
P110 after annealing as observed with an optical microscope. The surface 
appears almost exactly the same as it did before annealing, with striations 
originating from the center of the film caused by the volatile evaporation of 
chloroform, illustrating that there has hardly been any motion in the 
sample. P110(PDP)0.2 on the other hand is very mobile and has formed 
circular terraces (Figure 5.7b). P110(PDP)1.0 has also formed terraces 
(Figure 5.7c), however, the shape of the striations can still be observed in 
the terraces, indicating that chain movement is slower as compared to 
samples with a lower amount of PDP. To summarize, addition of PDP 
induces mobility to PS-b-P4VP, however, systems with lower amounts of 
PDP are more mobile than systems with higher amounts of PDP. The 
reason for this is not at all clear, but should be connected to the relative 
solubility of PDP in PS and P4VP. In bulk comb-copolymer systems a small 
amount of PDP is known to be soluble in PS, acting as a plasticizer (see 
Chapter 3).13 The solubility of PDP in PS may be dependent on its own 
concentration and might also be influenced by CHCl3, in its turn 
influencing the mobility. An obvious difference in the swelling ratio of the 
different films during annealing was never observed, although slight 
changes can not be excluded. 

Addition of an even higher amount of PDP also results in terraces, 
which have a cylindrical morphology. Figure 5.8a shows the height AFM 
image after ultrasound treatment of P110(PDP)1.5, where the bottom layers 
of the transition from T0 to T1 and T1 to T2 have been depicted. There it 

 

Figure 5.7. Optical microscopy pictures of ~75 nm thin films annealed at Ts = 20 °C 
for 21 h. (a) P110, (b) P110(PDP)0.2 and (c) P110(PDP)1.0. In parts b and c (dark) 
islands of T3 on surroundings of T2 can be observed. The length of the cantilever is 
~125 μm. 
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can be seen that the thickness of the cylinders at the first transition 
increases rather much, but at the second transition, this effect is 
negligible. This means that if a film with a minimum thickness of T1 (47 
nm) is cast, a monolayer of cylinders with uniform thickness can simply be 

 

Figure 5.8. Height AFM images of P110(PDP)1.5 annealed for 20 h and subsequently 
treated with ultrasound in ethanol. (a) Ts = 20 °C, Δz = 55 nm, (b) Ts = 21 °C, Δz = 65 
nm (c) Ts = 19 °C Δz = 45 nm and (d) first 20 hours at Ts = 21 °C and then 20 hours at 
Ts = 19 °C, Δz = 30 nm. 
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obtained after annealing and subsequent ultrasound treatment of the film. 
However, the cylinders are not aligned very well and the monolayer also 
contains a large amount of classical defects and defects in the form of 
interconnections between cylinders.14 The first problem can be solved by 
annealing the film at a higher Ts of 21 °C, increasing the mobility of the 
chains and thereby the alignment of the cylinders. However, due to the 
selectivity of chloroform toward PS, the system is now also closer to a 
(perforated) lamellar morphology and contains a substantial amount of 
interconnection defects even though the overall alignment is better (Figure 
5.8b). Less defects appear if a film is annealed at a Ts of 19 °C and hence 
closer to a strictly cylindrical morphology, however, then the alignment is 
somewhat worse because of the lower mobility (Figure 5.8c). Combining 
the two methods, whereby the films are first annealed at Ts = 21 °C for 
alignment, and subsequently at 19 °C for defect removal provides the 
answer. Figure 5.8d shows a monolayer of ordered cylinders with a PS core 
and a P4VP corona, which in the remaining chapters will be used as 
templates for the formation of inorganic ferroelectric nanorods and PS-b-
P4VP/polypyrrole hybrid nanorods. Annealing for longer periods than the 
20 hours originally used results in even better alignments. 

Finally, an asymmetric system with a relatively large PS block has 
also been annealed. Annealing P141(PDP)1.0 under the same conditions as 
the other samples resulted in terraces with a lamellar morphology, again 
comparable to the morphology of P3546(PDP)0.1, with P4VP(PDP) wetting 
both the SiO2 and the air interface. However, even though the PDP:4VP 
ratio is now 1:1, which should be an optimal value for the ODT of 
P4VP(PDP), terraces within terraces have not at all been observed. This 
means, that the ability to form terraces within terraces decreased with a 
decreasing P4VP(PDP)1.0 fraction for the used comb-copolymer systems 
(P3546(PDP)1.0 > P110(PDP)1.0 > P141(PDP)1.0), which is logical because a 
large PS fraction hinders the movement of the now much smaller 
P4VP(PDP) combs to an orientation which is parallel to the large length 
scale, as the preferred orientation is perpendicular. This also explains why 
up to now this phenomenon was not observed, as the previous study only 
focused on systems with a relatively large PS block. 

5.4  Conclusion 

The thin film behavior of asymmetric PS-b-P4VP(PDP) comb-shaped 
supramolecules with relatively high comb fractions has been studied. In 
bulk, these systems are known to microphase separate into structures-
within-structures, where the large length scale is oriented perpendicular to 
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the short length scale. In thin films, these systems were shown to form 
terraces of parallelly oriented PS microdomains in a matrix of disordered 
P4VP(PDP) during annealing in chloroform vapor. Upon evaporation of the 
solvent, P4VP(PDP) dropped below its ODT, and due to preferential 
interactions of P4VP with SiO2 and of PDP with the air interface, formed 
lamellar layers of the short P4VP(PDP) length scale which were oriented 
parallel to these interfaces and therefore also to the large length scale 
structure. This effect was less pronounced for lower ratios of PDP:P4VP 
due to the lower ODT of the P4VP(PDP) comb in such systems. The effect 
was also less pronounced for systems with a longer PS block, where it is 
less easy for the relative short P4VP chains to form loops and move in an 
orientation which is different from the equilibrium perpendicular 
orientation. 

The mobility of the block copolymers was found to depend on the 
fraction of PDP. Addition of PDP substantially improves the mobility, 
however, smaller amounts of PDP showed to be more effective than larger 
fractions. Although the reason for this is not clear, this behavior has to be 
a result of concentration dependent solubility of the small molecules in the 
complicated four component (PS, P4VP, PDP, and CHCl3) systems.  

By washing away PDP from a parallelly oriented cylindrical thin film 
through ultrasound treatment in ethanol, a monolayer of ordered cylinders 
with uniform thickness could be obtained, which can serve as a template 
for the production of inorganic nanorods and PS-b-P4VP/polypyrrole 
hybrid nanorods. 

5.5  References 
1. A. Horvat, K. S. Lyakhova, G. J. A. Sevink, A. V. Zvelindovsky, R. Magerle, J. 

Chem. Phys. 2004, 120, 1117-1126. 
2. K. S. Lyakhova, G. J. A. Sevink, A. V. Zvelindovsky, A. Horvat, R. Magerle, J. 

Chem. Phys. 2004, 120, 1127-1137. 
3. M. J. Fasolka, A. M. Mayes, Annu. Rev. Mater. Res. 2001, 31, 323-355. 
4. G. Krausch, R. Magerle, Adv. Mater. 2002, 14, 1579-1583. 
5. R. A. Segalman, Mater. Sci. Eng. Res. 2005, 48, 191-226. 
6. I. Tokarev, R. Krenek, Y. Burkov, D. Schmeisser, A. Sidorenko, S. Minko, M. 

Stamm, Macromolecules 2005, 38, 507-516. 
7. K. Albrecht, A. Mourran, X. Zhu, T. Markkula, J. Groll, U. Beginn, W. H. de 

Jeu, M. Moeller, Macromolecules 2008, 41, 1728-1738. 
8. J. Ruokolainen, R. Mäkinen, M. Torkkeli, T. Mäkelä, R. Serimaa, O. Ikkala, G. 

ten Brinke, Science 1998, 280, 557-560. 
9. S.-H. Tung, N. C. Kalarickal, J. W. Mays T. Xu, Macromolecules 2008, 41, 

6453-6462. 



5.5 References  123 

 

10. H. Elbs, G. Krausch, Polymer 2004, 45, 7935-7942. 
11. S. H. Lee, H. Kang, Y. S. Kim, K. Char, Macromolecules 2003, 36, 4907-15. 
12. J. Ruokolainen, M. Torkkeli, R. Serimaa, B. E. Komanschek, O. Ikkala, G. ten 

Brinke, Phys. Rev. E 1996, 54, 6646-6649. 
13. S. Valkama, T. Ruotsalainen, A. Nykänen, A. Laiho, H. Kosonen, G. ten Brinke, 

O. Ikkala, J. Ruokolainen, Macromolecules 2006, 39, 9327-9336. 
14. A. Horvat, A. Sevink, A. V. Zvelindovsky, A. Krekhov, L. Tsarkova, ACS Nano 

2008, 2, 1143-1152. 
 





 

 

Chapter 6 

Nanostructured PS-b-
P4VP(PDP) Thin Films as 

Templates for Polypyrrole 
Synthesis 

Polypyrrole has been chemically synthesized on thin film nanostructures 
obtained from polystyrene-block-poly(4-vinyl pyridine)(pentadecylphenol) 
(PS-b-P4VP(PDP)) comb-shaped supramolecules by templated polymerization. 
PDP was washed from thin films of cylindrical and lamellar self-assembled 
comb-copolymer systems, which resulted in single lamellar and cylindrical 
layers covering a substrate. P4VP was complexed with Cu2+ ions, after which 
chemical oxidation polymerization with pyrrole and a catalitic amount of 
bipyrrole resulted in a thin polypyrrole layer covering the nanostructured 
block copolymer. The conductivity of the obtained polypyrrole was measured 
to be ~0.7 S cm-1.  



126   Chapter 6 

 

6.1  Introduction 

Since their discovery, electrically conductive polymers such as 
polyacetylene, polythiophene, polyphenylene, and polypyrrole have been a 
grateful research subject due to their interesting electronic properties and 
possible applications as battery electrodes, sensors and solid-state 
devices.1-5 Especially the fabrication of nanostructured devices has 
received considerable attention, as such devices have proven to be even 
more effective than their larger sized counterparts, for example in sensor 
applications due to the greater exposed surface area of a nanomaterial,6 or 
due to their higher conductivity as compared to bulk samples.7 Thin films 
of conducting polymers are interesting with respect to optoelectronic 
devices, as these often require polymeric transparent electrodes for the 
improvement of device performance and fabrication of polymer only 
devices.8 Among the conducting polymers, polypyrrole has always 
remained an attractive option due to its relatively high environmental 
stability and electrical conductivity, and easy preparation. A disadvantage 
of polypyrrole however, is that it has poor mechanical properties. It can be 
prepared either by chemical or electrochemical oxidation polymerization, 
although the electrochemical method has remained far more popular due 
to the superior properties of the obtained material as compared to 
chemically prepared polypyrrole, which is usually obtained as a powdery 
precipitate. Its properties very much depend on the reaction conditions, 
such as the nature and concentration of the oxidant, reactant 
stoichiometry, reaction medium, temperature, and reaction time.9-12 
However, the advantage of the chemical method is that it can be used to 
polymerize polypyrrole onto a polymeric template, for example to obtain 
material with better mechanical properties, or to obtain nanostructured 

 

Figure 6.1. Schematic representation of polypyrrole formation on lamellar and 
cylindrical PS-b-P4VP(PDP) templates. 



6.2 Experimental section  127 

 

polypyrrole.13,14 Especially P4VP and P4VP related block copolymers have 
been used in this respect, due to the ability of P4VP to form complexes 
with various oxidants, while these retain their ability to oxidize pyrrole.15-24  

In this chapter, nanostructured templates from thin films of PS-b-
P4VP(PDP) comb-shaped supramolecules, obtained by exfoliating the top 
layers of microphase separated thin films of asymmetric PS-b-P4VP(PDP) 
with a high P4VP(PDP) weight fraction as described in Chapter 5, have 
been used as a template to obtain transparent conducting thin films and 
polypyrrole/PS-b-P4VP hybrid nanorods via template synthesis with CuCl2 
as an oxidant (Figure 6.1). 

6.2  Experimental section 

6.2.1  Materials and sample preparation 

Chemicals. Two different block copolymers, P3546-S4VP (Mn(PS) = 
20000 g mol-1, Mn(P4VP) = 19000 g mol-1 and Mw/Mn = 1.09) and P110-
S4VP (Mn(PS) = 47600 g mol-1, Mn(P4VP) = 20900 g mol-1 and Mw/Mn = 
1.14) were obtained from Polymer Source, Inc. and used as received. 
Pentadecylphenol (PDP) was purchased from Aldrich and was recrystallized 
twice from petroleum ether (40-60 w/w) and dried in a vacuum at 40 °C. 
Pyrrole (99 % pure, Acros) was distilled from calcium hydride and stored at 
-15 °C until use. Phosphorus oxychloride (Fluka) and 2-Pyrrolidinone (99 
% pure, Acros) were used as received. Analytical grade solvents were all 
used as received. 

Synthesis of 2,2’-(1’-pyrrolinyl)pyrrole.25 The setup consisted of a 
100 mL three necked flask equipped with a magnetic stirrer, two dropping 
funnels and a cooler, all kept under nitrogen atmosphere while the 
reaction flask was continuously cooled in an ice bath. 4.2 mL (45 mmol) of 
POCl3 was slowly added over a period of 1 h to 15.6 mL (225 mmol) of 
pyrrole. To that solution 3.9 mL (51 mmol) 2-pyrrolidinone was slowly 
added over a period of 2 h. After the reaction was complete, the viscous, 
amber solution was allowed to warm to room temperature. 25 mL of 
chloroform was added and the mixture was transferred to a flask 
containing a solution of 40 g sodium acetate in 100 mL water cooled in an 
ice bath. The pH of the turbid, orange solution was adjusted to ~10 with 
~20 mL of 10 M KOH. The organic layer was separated, and the aqueous 
layer was extracted three times with ~25 mL chloroform, after which the 
organic extracts were combined with the saved organic layer and extracted 
five times with ~50 mL of 0.5 M HCl. The pH of each aqueous extract was 
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adjusted to ~10 with ~2 mL of 10 M KOH to produce an orange precipitate. 
The extracts with the precipitate were combined and extracted four times 
with ~100 mL chloroform. The organic extracts were combined, dried over 
Na2SO4, and concentrated to dryness to obtain an orange/brown waxy 
solid. The crude product was purified by sublimation at 100 °C (200 
mTorr) and subsequent crystallization from ethanol, affording the product 
as white crystals (2.96 g, 49 %). 

Synthesis of 2,2’-bipyrrole.26 A 500 mL flask was filled with 1.72 g 
(12.8 mmol) of 2,2’-(1’-pyrrolinyl)pyrrole and 200 mL of diglyme. Nitrogen 
was continuously bubbled trough the solution through a needle while it 
was heated to 60 °C to dissolve the material. 1.70 g of 10 % palladium on 
carbon (1.60 mmol of palladium) was added and the mixture was heated to 
reflux. After 1 h the hot reaction mixture was passed through a fluted filter 
and the collected palladium on carbon was washed with ~100 mL of hot 
ethyl acetate. The green solution was evaporated to dryness and the green 
residue was gently rinsed with three ~10 mL portions of hexanes to wash 
away residual diglyme. The crude product was purified by sublimation at 
100 °C (200 mTorr) and subsequent crystallization from diethyl 
ether/hexanes to afford a white crystalline solid (0.85 g, 50 %). The 
product was stored in the dark at -15 °C to avoid decomposition. 

Substrate preparation. Double sided polished silicon (Si) substrates 
of ~1 cm2 with a native silicon oxide layer on the surface were cleaned by 
immersion in a 70/30 v/v piranha solution of concentrated H2SO4 and 
H2O2 (30%) at 60 °C for 1 h, thoroughly rinsed with Milli-Q water, treated 
ultrasonically in methanol for 15 min, and dried under a stream of 
nitrogen. 

Thin film preparation. PS-b-P4VP and PDP were dissolved in CHCl3 
and stirred for at least 2 h to yield ~1 wt% stock solutions. These solutions 
were diluted and spin coated at speeds between 2000 and 5000 rpm to 
yield films of ~70 nm thickness. Subsequently, the films were annealed in 
chloroform vapor in a small sealed chamber for ~20 h. The temperature of 
the polymer samples Tp was kept at 24 °C with a Tamson heating 
circulator, while the temperature of the included solvent reservoir Ts was 
kept at 20 °C with a Lauda RC6 CP refrigerated circulator. After annealing 
the lid was lifted from the setup and solvent evaporated within a fraction of 
a second. PDP was washed from the films by ultrasound treatment in 
ethanol for at least 5 min, only leaving one polymer layer at the silicon 
interface. 

Copper complexation. The thin films were soaked for various 
amounts of time in a filtered 0.25 M solution of hydrous CuCl2 in 
methanol, after which the samples were thoroughly rinsed and washed for 
1 min in methanol under ultrasound to remove uncomplexed copper. 
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Pyrrole polymerization. The Cu2+ complexed samples were soaked 
for various amounts of time in methanol solutions of pyrrole (both with 
and without 2,2’-bipyrrole), after which the samples were ultrasonically 
treated for 1 min in methanol. 

6.2.2  Instrumental methods 

Atomic Force Microscopy. Tapping mode AFM was performed on a 
Digital Instruments Enviroscope AFM equipped with a Nanoscope IIIa 
controller using Veeco RTESPW silicon cantilevers (f0 = 240-296 kHz and k 
= 20-80 N/m as specified by the manufacturer). Film heights were 
measured by scratching the polymer layer from the silicon surface with a 
razorblade, being careful not to damage the silicon itself, after which scans 
with a 1:8 ratio were taken at the edge between the polymer layer and the 
silicon substrate to minimize distortion along the slow scanning axis. The 
height of the films was measured by fitting a plane to the bare substrate 
and plotting a depth profile using Digital Instruments Nanoscope software. 

Fourier Transform Infrared Spectroscopy. Transmission FTIR 
measurements were performed on a Bruker IFS 66v/S spectrometer 
equipped with a DTGS detector. All spectra were measured at a resolution 
of 4 cm-1 and are averages of 2400 scans. The spectrum of a clean silicon 
wafer was used as a reference.  

X-ray Photoemission Spectroscopy. The samples were introduced 
through a load look system into an SSX-100 (Surface Science Instruments) 
photoemission spectrometer with a monochromatic Al K X-ray source (hν 
= 1486.6 eV). The base pressure in the spectrometer during the 
measurements was 10-10 mbar. The photoelectron takeoff angle was 37°. 
The energy resolution was set to 1.3 eV to minimize measuring time. 
Sample charging was compensated for by directing an electron flood gun 
onto the sample. XPS binding energies were referenced to the carbon 
signal at 284.5 eV. Spectral analysis included a Shirley background 
subtraction and a peak deconvolution that employed Gaussian and 
Lorentzian functions in a least-square curve-fitting program (WinSpec) 
developed at the LISE, University of Namur, Belgium. 

Conductivity measurements. Conductivity measurements were 
performed in vacuum on polypyrrole coated single lamellar PS-b-P4VP 
layers that were prepared on silicon substrates with a ~300 nm thick 
insulating SiO2 layer. Two ~60 nm thick gold electrodes with a width of 4 
mm and 60 μm separation were evaporated onto the polypyrrole, after 
which I-V curves were recorded using a Keithley 4200 SCS. 
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Figure 6.2. AFM height image and depth profile of a P3546(PDP)0.1 thin film after 
chloroform vapor annealing and ultrasound treatment in ethanol (image size = 3 × 
0.75 μm). A plane has been fitted to the scratch on the left, after which a depth 
profile was created. The presence of a single peak indicates that the bottom layers of 
all terraces, including the first one, have the same height, however, the defect 
density in the transition from the first to the second terrace is relatively high. 

 

 

Figure 6.3. Transmission FTIR spectra of a P3546(PDP)0.1 thin film before and after 
ultrasound treatment in ethanol compared with the FTIR spectrum of the pure diblock 
copolymer. 
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6.3  Results and discussion 

In Chapter 5, it was shown how a uniform monolayer of parallel 
cylinders could be obtained by annealing the cylindrical PS-b-P4VP(PDP) 
comb copolymer system P110(PDP)1.5, with a film thickness of two layers of 
parallel cylinders or more, in chloroform vapor and subsequently washing 
away PDP and the top layers of cylinders in ethanol (Figure 5.8). However, 
less attention was focused on the P3546(PDP)0.1 system, which can form a 
single lamellar layer with uniform thickness after ultrasound treatment of 
an annealed film (Figure 6.2). Unlike for the cylindrical sample, the 
transition between the terraces is never smooth, but as the samples are 
washed in ethanol, P4VP chains will be present on the entire surface, also 
at defect locations, which after templated polymerization of polypyrrole will 
presumably result in a continuous layer of polypyrrole covering the entire 
sample, with only some height defects near a former terrace edge.  

Both the lamellar as well as the cylindrical layers have been used as 
templates for polypyrrole polymerization in this chapter. In Figure 6.3, the 
typical FTIR spectra of a lamellar thin film before and after ultrasound 
treatment in ethanol are shown together with the spectrum of a pure block 
copolymer thin film. The decrease in intensity of the CH2 bands at 2920 
cm-1 and 2850 cm-1 indicate that the main part of PDP is washed from the 
system in the process of exfoliating the top lamellar layers from the 
substrate, however, it can not be excluded that a small amount of PDP 
remains in the samples. 

The conductive properties of conjugated polymers such as 
polypyrrole are largely dependent on several factors. First of all, all 
conducting polymers are semiconductors, which have to be doped to 
produce charge carriers (see Figure 6.4). Therefore, the level of doping as 
well as the used dopant ion largely influence the conducting ability of the 
polymer chains. Furthermore, the conductivity also depends on the charge 
transport between polymer chains. Charge carriers can more easily be 

 

Figure 6.4. Schematic representation of chemical pyrrole polymerization using CuCl2
as an oxidant. The reaction results in the doped form of the polymer. 
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transferred between polymer chains in highly ordered samples, and also 
within the polymer chain, a higher degree of order results in better 
transport properties. Finally, the conjugation length of the polymer chains 
plays an important role. The longer the chain of alternating single and 
double bonds, the better the conductivity.  

Electrochemical polymerization of pyrrole proceeds only when the 
potential is sufficiently high to oxidize the monomer, however, too high 
potentials and high pH values easily lead to polypyrrole overoxidation.27 
This overoxidation may be caused by nucleophilic attack of OH- ions 
originating from dissociation of water in, or as, the solvent,28,29 which 
introduces covalently bound OH and C=O groups to the polymer, 
disrupting the conjugation length and deteriorating its conductive 
properties. However, the oxidation potential is easily controllable, and 
therefore the quality of the obtained material can be optimized. In 
chemically synthesized polypyrrole, factors such as solvent, reaction 
temperature, time, nature, and concentration of the oxidizing agent all 
affect the oxidation potential of the solution as well as the doping level of 
the polymer, which highly complicates the search for optimal reaction 
conditions.30  

 

Figure 6.5. Transmission FTIR spectra of (a) a lamellar P3546(PDP)0.1 thin film after 
ultrasound treatment in ethanol and (b) subsequent complexation in a 0.25 M CuCl2 
solution. (c) As part b, but for cylindrical P110(PDP)1.5. (d) As part b, but for semi-
cylindrical P3918, created without PDP (see Figure 6.6). The total absorbance in parts 
c and d was lower due to the smaller amount of cylindrical material as compared to 
a lamellar layer, which also contributes to the relative high amount of noise in part c. 
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Nevertheless, for chemical oxidative polymerization, FeCl3 has widely 
been accepted as the oxidant yielding polypyrrole with the best properties. 
However, it has a big disadvantage in terms of P4VP templated 
polymerization, as complexed Fe ions can no longer polymerize pyrrole 
monomers.24 That is why in this study, the also frequently utilized 
oxidizing agent CuCl2 has been used. If P4VP is present in excess, Cu2+ 
ions can form a complex with a maximum of four pyridine units of P4VP, 
which do not necessarily have to originate from the same polymer chain, 
resulting in crosslinking.31 When Cu2+ ions are present in excess, on 
average 2 VP units are complexed to the copper ion.32 However, 
irrespective of the number of attached ligands, all copper ions can induce 
pyrrole polymerization (Figure 6.4).24 

Figure 6.5 shows the FTIR results of complexation of P4VP in a 
solution of 0.25 M CuCl2 in methanol. Already after 15 min of immersion 
in the CuCl2 solution, complexation of Cu2+ with the pyridine rings has 
taken place, as evidenced by the IR shifts of the CN stretching bands of the 
pyridine ring at 1600 cm-1 and 1415 cm-1 to 1625 cm-1 and 1425 cm-1, 
respectively.33 However, an extra feature in the form of a band at ~1640 
cm-1 can also be observed, which indicates the formation of pyridine N-
oxides or quaternized pyridine. Its presence in a nanorod-like thin film 
that was created without PDP (see Figure 6.6 for more details) indicates 
that the cause can not be found in a reaction with any remaining PDP. Its 
relative invisibility in thicker films of block copolymers complexed with 

 

Figure 6.6. Height AFM of a ~70 nm P3918 (Mn(PS) = 20500 g mol-1, Mn(P4VP) = 
36000 g mol-1 and Mw/Mn = 1.08) thin film after (a) annealing in the saturated vapors 
of a 50/50 mixture of chloroform and ethanol (Δz = 21 nm), and (b) subsequent 
ultrasound treatment in ethanol (Δz = 55 nm). The obtained “nanorods” are not well 
ordered, but no PDP was used in the process. 
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Cu2+ on the other hand34 hints that it is caused by a surface effect. In 
silica gels doped with [Cu(C5H5N)4]2+ complexes (C5H5N = pyridine), the 
slightly acidic residual surface SiOH groups have been found to protonate 
pyridine units, after which a chemical bond was formed between the 
complexed copper and the hydroxyl oxygens on the surface of the silicon 
wafer.35 

Si-OH + C5H5N  Si-O- + C5H5NH+ (1) 

Si-O- + H2O + [Cu(Py)4]2+  [Si-O-Cu(Py)4(H2O)]+ (2) 

A comparable mechanism may also apply in our case, which would 
explain why XPS spectra of all complexed samples indicate the presence of 
two copper species (Figure 6.7). The three nitrogen species (free pyridine, 
complexed pyridine and quaternized pyridine) found with IR are also 
confirmed by XPS (Figure 6.8). Furthermore, the extra IR band at 1640  
cm-1 is larger in nanorod samples than it is in the lamellar one. As the 
silicon interface in the lamellar layers is shielded by a layer of PS, it is 
more difficult for the copper ions to reach the P4VP at the silicon interface, 
while in the nanorod samples, this interface is largely uncovered. Longer 
complexation times than the used 15 min or the use of higher CuCl2 
concentrations had little effect on the IR spectra, indicating that 
complexation was complete.  

 

Figure 6.7. X-ray photoelectron spectrum of the Cu2p core level region of a P110 
nanorod film after 1 hour of complexation in a 0.25 M CuCl2 solution. 
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The polypyrrole quality has often been related to the concentration of 
the oxidizing agent and the monomer:oxidant ratio. In the case of 
templated polymerization, the concentration of the oxidant is a 
complicated matter, first of all because the ions are connected to the P4VP 
surface, and secondly because the degree of complexation is not known. 
The thickness of a lamellar film increased ~13% after copper complexation. 
Assuming the maximum complexation of two pyridine units per copper ion 
and a CuCl2 density of 3.38 g cm-3, the thickness increase of a lamellar 
film can only be ~10% at maximum. However, the density of complexed 
copper most likely is much less than the 3.38 g cm-3 for the crystalline 
material, and pyridine units near the silicon interface are likely less 
complexed than pyridine units at the air interface, making the degree of 
complexation hard to estimate.  

However, although the degree of complexation and hence the oxidant 
concentration was unknown, it could be kept constant by complexing all 
used samples longer than 15 min in a 0.25 M CuCl2 solution (typically 1 
hour), the time after which constant IR spectra indicated complexation to 
be complete. Thus, the only concentration that can be varied is the pyrrole 
concentration. Furthermore, protic solvents and especially methanol have 
proven to yield the best quality products,12 and by using solvent mixtures 
of methanol and acetonitrile or adding FeCl2 even more suitable oxidation 
potentials could be realized.10,12 However, these studies were performed on 
systems where FeCl3 was used as an oxidizing agent, and solvents may 
have a different influence on the oxidation potential of CuCl2 solutions. 

 

Figure 6.8. X-ray photoelectron spectrum of the N1s core level region of a P110 
nanorod film after 1 hour of complexation in a 0.25 M CuCl2 solution.  
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Nevertheless, in this study methanol was chosen as a common solvent for 
all experiments, not in the last place because it is a good solvent for P4VP. 

Complexed lamellar films were treated by immersion in solutions of 
pyrrole in methanol for 16 hours. Treatment in a 1 M pyrrole solution did 
not result in any visible effect in IR results, indicating that no reaction has 
taken place due to a too low reactant concentration. However, treatment in 
5 M pyrrole resulted in the FTIR spectrum shown in Figure 6.9.  

The shoulder at 1640 cm-1 caused by the quaternized pyridine does 
not seem to be effected, however, both peaks of complexed nitrogen atoms 
at 1615 cm-1 and 1430 cm-1 have largely disappeared, indicating that the 
complexed Cu2+ species have been reduced to free Cu+. Nevertheless, a 
clear indication of polypyrrole formation in the form of characteristic 
polypyrrole peaks can not be observed. The only extra band that is clearly 
present is a small carboxyl band at 1710 cm-1. As mentioned before, this 
band has been observed in many pyrrole samples, chemically as well as 
electrochemically prepared, and is an indication of pyrrole overoxidation. 
C=O bonds are formed, which break the conjugation in polypyrrole, and 
lead to poorly conducting products. In reactions with FeCl3 as an oxidant, 
Thiéblemont et al.29 concluded that short polymer chains which are formed 
in the beginning of the synthesis are more susceptible toward 
overoxidation. Furthermore, they found that the polypyrrole formation rate 

 

Figure 6.9. (a) and (b) as Figure 6.5. (c) FTIR spectrum of a Cu2+ complexed lamellar 
layer after 16 hours in a 5 M pyrrole solution. 
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is proportional to the square of the oxidant concentration, while its 
overoxidation rate appears to be only proportional to this concentration. In 
accordance, higher oxidant concentrations give better products. In the 
case of the thin films used in this chapter, the oxidant concentration is 
presumably so low, that only very short polymer chains are produced, 
which are all overoxidized, presumably even to short, soluble molecules 
such as maleimide that are not present in the film anymore after washing 
in ultrasound. However, as the oxidant concentration in the thin films 
cannot be increased, another method to produce polypyrrole has to be 
sought. 

In a recent study Tran et al. confirmed that dimer formation is the 
rate determining step in polypyrrole synthesis.36 Bipyrrole has a lower 
oxidation potential than pyrrole and can serve as a nucleation center for 
growing polymer chains. Therefore, the intentional introduction of 
bipyrrole into the reaction mixture greatly enhances the rate of 
polymerization. This also implies that there are not many short chains 
present in the reaction mixture, which should substantially decrease the 
extent of overoxidation. That this is indeed the case can be seen in Figure 
6.10. Reaction in a mixture of 1 M pyrrole and 0.01 M of bipyrrole clearly 
results in polypyrrole, as can be concluded from the present characteristic 
polypyrrole bands at 1560 cm-1 (C=C stretching vibration)37 and 1370 cm-1 

 

Figure 6.10. FTIR spectra of (a) Cu2+ complexed P3546 lamellar layer, (b) Cu2+ 
complexed P3546 after 16h in a solution of 1 M pyrrole and 0.01 M bipyrrole, and (c) 
Cu2+ complexed P3546 after 16h in a solution of 5 M pyrrole and 0.01 M bipyrrole. 
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(N-C stretching)37 not present before polymerization, and the increase in 
film thickness of a 15.4 nm thick lamellar film before polymerization to 
28.0 nm afterward. The featureless decrease in absorption, visible from 
4000 to 1700 cm-1 has been assigned to the tail of the electronic 
absorption band located in the near infrared region.37 The bands at 3110 
cm-1 and 3435 cm-1 are due to C-H and N-H stretching vibrations, 
respectively.38 However, the obtained polypyrrole still clearly contains 
carbonyl defects as evidenced by the band at 1710 cm-1. Reaction in 5 M 
pyrrole together with 0.01 M of bipyrrole logically resulted in higher 
polypyrrole yields (41.5 nm and higher intensity of IR peaks), yet the 
relative amount of carbonyl defects remained comparable. In both cases, 
adjustment of the bipyrrole concentration to twice the value also did not 
result in a noteworthy difference.  

Assuming a maximum complexation of 2 pyridine units per Cu2+ ion, 
and keeping in mind that every pyrrole unit has to be oxidized by 2 Cu2+ 
ions to be incorporated in the polymer chain, the maximum thickness 
increase can only be ~10%. However, in both cases, the thickness increase 
was considerably higher, even over 100% for the 5 M pyrrole + 0.01 M 
bipyrrole solution. This indicates that the Cu+ ions that are a product of 
the monomer activation are reoxidized to active Cu2+ ions by oxygen.39 In 

 

Figure 6.11. FTIR spectra of (a) a P3546 lamellar layer complexed with Cu2+, (b) Cu2+ 
complexed P110 cylinders after 16 h in a 1 M pyrrole and 0.01 M bipyrrole solution, 
(c) Cu2+ complexed P3546 lamellae after 1 h in a 1 M pyrrole and 0.01 M bipyrrole 
solution. 
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this way, Cu2+ ions may oxidize multiple pyrrole units, explaining the high 
yields. This assumption is furthermore supported by the fact that the 
solutions which held the silicon wafers turned black much faster than an 
unused solution, indicating polypyrrole formation within the solution. This 
non-templated polypyrrole formation is only possible if the complexed Cu2+ 
species that were transformed to freely dissolved Cu+ were reoxidized 
again. 

Finally, the reaction time is an important factor on which the quality 
of the obtained polymer depends. Longer reaction times obviously result in 
higher yields, yet the conductive quality of the obtained polymer is usually 
optimal at lower yields.12 The optimal polymerization time depends on the 
other reaction conditions such as temperature and reactant concentration, 
the latter one because it influences the oxidation potential.12 Figure 6.11 
shows the FTIR spectrum of a Cu2+ complexed lamellar film that was 
reacted in a 1 M pyrrole and 0.01 M bipyrrole solution for only 1 hour. The 
polypyrrole yield is very low, as can be concluded from the lower peak 
intensities as compared to Figure 6.10, as well as the low thickness 
increase (15.4 to 19.7 nm, ~25 %), however, the IR band at 1710 cm-1 is 
absent, indicating that substantially less overoxidation has taken place. 
This means that for the studied reactions with bipyrrole, the overoxidation 
mainly occurs in a later stage of the reaction. In an early stage, most 
bipyrrole units will quickly react to form long polymer chains, however, in 
a later stage, the Cu2+ concentration will be substantially lower, and it will 
take longer for a starting polymer chain to be oxidized by Cu2+ and grow. 
This means that there are relatively more short chains present, and these 

 

Figure 6.12. Height AFM images of (a) polypyrrole on lamellar P3546 after 1 h in 1 M 
pyrrole and 0.01 M bipyrrole (Δz = 6 nm), (b) as part a, but after 16 h (Δz = 28 nm), (c) 
as part b, but for cylindrical P110 (Δz = 32 nm), the AFM image is comparable to that 
of a 1 h reacted P110 sample. 
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chains are susceptible towards overoxidation. Furthermore, the rms 
roughness of the longer reacted samples (1.9 nm for the 1 M pyrrole + 0.01 
M bipyrrole solution) is substantially higher than the roughness of the 
sample that was reacted for only 1 h in the same solution. With 0.7 nm, 
this roughness is the same as that of the pure block copolymer film. In the 
samples that were reacted for 16 h, individual polypyrrole particles appear 
to be present (Figure 6.12). This is consistent with the conventional 
synthesis mechanism of polypyrrole, which proceeds slowly. Embryonic 
nuclei have the opportunity to diffuse to heterogeneous nucleation sites, 
which leads to agglomerated structures of different starting chains growing 
together, whereas in early stage reactions with bipyrrole, homogeneous 
nucleation dominates, which means that polymer chains grow from the 
site where they were started, which in bulk solutions leads to nanofibers,36 
and in our templated case presumably to smoother surfaces.  

For the nanorod samples, the results slightly differ. In this case, even 
after 16 hours of reaction, no carbonyl band is observed in FTIR. 
Furthermore, even after the long reaction time, the polypyrrole yield is very 
low, as can be concluded from the low intensity of the IR bands. This low 
yield may be explained by the relatively low amount of Cu2+ species in the 
sample as compared to the lamellar samples. The absence of the carbonyl 
band after this long reaction time however, is more difficult to explain, 
although it can only have a positive effect on the conductive properties of 
the obtained polypyrrole. These properties could be tested by performing 
conductivity measurements, however, reliable conductivity measurements 
on nanorod samples are hard to conduct. For normal 4-point or 2-point 
probe measurements for example, a connecting path should be created 
between the probes. This is hard to obtain for the non-macroscopically 
aligned nanorod samples, and the measured conductivity will be very 
much subject to the number of connecting paths, which can be variable for 
every nanorod sample as it depends on the ordering of the rods and the 
exact amount of defects. Furthermore, because of the low thickness of the 
polypyrrole film covering the samples, the current trough the film will be 
very low, meaning that very sensitive equipment should be used. 

For conductivity measurements on the lamellar samples, only the 
last problem has to be dealt with, and this problem is not insurmountable. 
By placing two line electrodes only several microns apart, a large enough 
current to measure the conductivity should be able to flow. This was 
realized by evaporating two ~60 nm thick gold electrodes with a width of 4 
mm and 60 μm separation onto a polypyrrole sample that was reacted for 
1 h in a 1 M pyrrole with 0.01 M bipyrrole solution. The ramping voltage 
was varied from -30 V to 30 V, and resulted in a straight I-V curve, 
indicating an average conductivity of 21 × 10-6 S (Figure 6.13). The in 
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plane conductivity σ is defined as σ = (CL)/(hw), where C is the lateral 
conductance of the film, L is the spacing between the two probes, h is the 
film thickness, and w the probe width. Taking 19.7 – 15.4 = 4.3 nm for the 
average film height, the lateral conductivity becomes 0.7 S cm-1. Although 
composite conductivities of up to 150 S cm-1 have been reached for 
relatively thick films using P4VP/Cu2+ templated polymerization,24 Ishizu 
et al. found similar values (compared to this research) for PS-b-P4VP/Cu2+ 
templated polymerization in horizontally oriented lamellar samples, 
however, in their case reaction did not take place in solution as pyrrole 
vapors were used, and the ions had not been washed from the films after 
polymerization. Washing led to a considerable decrease in conductivity, 
which the authors only explained as being caused by the destruction of the 
microdomain structure, but the effect could also partly originate from the 
removal of the ions.19 Furthermore, the value obtained in this research 
certainly compares positive to the 4 × 10-3 S cm-1 recently reported by Mou 
et al. for polypyrrole nano-films prepared by admicellar polymerization. 

6.4  Conclusion 

Single lamellar and cylindrical layers of PS-b-P4VP, obtained by 
washing away PDP from self-assembled thin films of PS-b-P4VP(PDP) 

  

Figure 6.13. I-V plot of a ~4 nm polypyrrole layer on a ~15 nm lamellar P3546 film 
and schematic drawing of the used setup. 
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comb-shaped supramolecules, have been used as templates for chemical 
oxidation polymerization of pyrrole. On these templates, thin, conducting 
polypyrrole films of 4 - 26 nm have been obtained by complexation of Cu2+ 
ions with P4VP and subsequent polymerization in methanol solutions of 
pyrrole and a small amount of bipyrrole, acting as an initiator. This 
showed that bipyrrole not only has a favorable influence on solution 
polymerizations, but also on P4VP/Cu2+ templated polymerization.  

Due to their low thickness, the obtained films are largely 
transparent, which could be beneficial for the fabrication of polymer-only 
devices, while single polymer nanorods coated with polypyrrole might even 
be used as conducting nanowires in nanoscale devices. Finally, this 
nanotemplated polymerization should not be exclusive to PS-b-P4VP block 
copolymers, and may also be applied to other P4VP related materials. 
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Chapter 7 

Self-Assembled PS-b-
P4VP(PDP) Supramolecular 

Thin Films as a Nano-
Template for Ferroelectric 

PbTiO3 

Ordered arrays of polystyrene (PS) nanorods with a poly(4-vinyl pyridine) 
(P4VP) corona, obtained by washing away pentadecylphenol (PDP) from a 
thin film of PS-b-P4VP(PDP) with a parallelly oriented cylindrical morphology, 
have been used as a template for the creation of ordered arrays of 
ferroelectric lead titanate (PbTiO3) nanoparticles on strontium titanate 
(SrTiO3) and strontium ruthenate (SrRuO3) substrates. A thin layer of 
amorphous PbTiO3 grains was deposited on the polymer nanorods by pulsed 
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laser deposition (PLD) at room temperature, after which heating to 565 °C 
resulted in crystallization of PbTiO3 between the polymer rods, while these 
evaporated through the PbTiO3 layer. The resulting chains of ferroelectric 
grains were almost exclusively (001) oriented as proven by X-ray diffraction 
(XRD). 

7.1  Introduction 

In 1956 the first IBM hard drive, the RAMAC 305, held 5 MB of data 
and was as big as two refrigerators.1 Nowadays 3,5 inch 1 TB hard drives 
are sold for a fraction of the price of the RAMAC 305, and nanotechnology 
promises to increase performances even more.2 This is why downscaling 
the features of inorganic materials to the nanometer size has become such 
a popular research topic. Even more importantly, nanosizing may also 
result in new materials with unprecedented properties.3-5 Popular ways of 
creating nanoscale inorganic materials are the use of colloids,6 
lithography7 or templates like alumina membranes,8 proteins9 and block 
copolymers.10-17 

The ability of block copolymers to spontaneously form microphase 
separated structures with length scales of 10-100 nm, indeed makes them 
ideal candidates as templates for the production of nanoscale materials. In 
order to create inorganic nanowires, for example, a thin film pattern 
obtained from a single layer of parallelly oriented cylinders, or short 
perpendicularly oriented lamellae, can be used. However, both patterns 
have disadvantages as their creation is not straightforward. In order to 
produce a single layer of cylinders on a surface, the film thickness has to 
be carefully controlled in order to avoid the formation of terraces with 
multiple layers of cylinders, while perpendicular lamellae are usually not 
easily formed due to preferential interactions of the polymer blocks with 
the substrate and surface interfaces, which normally results in a parallel 
orientation of microdomains.18 In Chapter 5 a simple method to create a 
single, uniform layer of parallel cylinders on a silicon oxide (SiO2) interface 
was reported. For certain compositions, PS-b-P4VP(PDP) comb-shaped 
supramolecules, which were annealed in chloroform vapor, could form a 
terrace structure of parallelly oriented PS cylinders in a P4VP(PDP) matrix. 
For a wide range of film thicknesses, this resulted in a single layer of 
cylinders with uniform thickness after washing away PDP with ethanol. In 
this chapter, similar ordered nanorod arrays created from PS-b-P4VP(PDP) 
comb-shaped supramolecules have been used as templates to produce 
arrays of ferroelectric nanoparticles of PbTiO3 on SrTiO3 and SrRuO3 
electroded SrTiO3 substrates.  
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Ferroelectric crystals are materials with a permanent electric dipole 
moment, which can be switched by applying an external electric field. Over 
the last years a lot of theoretical research has been done concerning the 
size and shape dependent properties of ferroelectrics at the nanoscale, not 
only because of the promising technological applications, but also to gain a 
new understanding of the ferroelectric behavior at the nanoscale. 
Important progress has been achieved in understanding the crucial role of 
depolarizing fields in nano objects, such as nanorods, nanodisks and 
nanodots.19-24 This interest for ferroelectric materials, both for applications 
and from a fundamental point of view, has given rise to experimental 
studies of differently shaped ferroelectrics.25-28 On the one side, lithography 
and focused ion beam (FIB) techniques are used to shape bulk or thin film 
ferroelectrics to a desired shape.29 On the other side, chemical routes are 
used to obtain nano-particles of ferroelectrics.30 Both techniques have 
their drawbacks: lithography and FIB are expensive and time consuming, 
and the minimum lateral size is limited to 70-100 nm;31 macroscopic 

 

Figure 7.1. Schematic representation of ferroelectric nano-object preparation (for 
clarity, the grain-like structure of PbTiO3 has been disregarded). (a) PS-b-P4VP(PDP) 
comb-shaped supramolecules, which can microphase separate into structures-within-
structures, in this case cylinders-within-lamellae.33,34 Removal of PDP from a bulk 
sample results in nanorods with a PS core and a P4VP corona, which can serve as 
nanotemplates for the fabrication of inorganic nanomaterials.35,36 (b) PS-b-P4VP(PDP) 
thin film after solvent annealing (the cylinders are ovally shaped due to collapse of 
the structure after evaporation of the solvent), forming terraces of parallelly oriented 
PS cylinders in a P4VP(PDP) matrix (the orientation of P4VP(PDP) lamellae forming the 
small length scale is not depicted). (c) Washing away PDP removes the top layer of 
cylinders from the film, while a single layer of PS-b-P4VP nanorods remains at the 
interface due to the strong interactions with P4VP. (d) Pulsed laser deposition of 
PbTiO3 at room temperature results in an amorphous layer of PbTiO3 covering the 
nanorods. (e) During heating the nanorods are degraded and evaporate through the 
crystallizing PbTiO3 layer. (f) Nanostructured PbTiO3 remains. 
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measurements are usually hard to conduct for nano-objects obtained via 
chemical routes because of the lack of ordering on a substrate and the 
small amount of available material. We use a combination of self-assembly 
and pulsed laser deposition (PLD), a physical deposition technique, in 
order to simply obtain a large number of ordered chains of ~50 nm 
ferroelectrics on a substrate surface, as schematically depicted in Figure 
7.1. This approach allows the study of the properties of single ferroelectric 
nano-objects with atomic force microscopy combined with piezoresponse 
measurements (p-AFM), while at the same time, the large number of nano-
objects available on a single substrate allow macroscopic measurements 
such as X-ray diffraction (XRD). The technique used in this 
communication bears resemblance with the NSL (nanosphere lithography) 
approach reported by Ma et al.32 who used PLD on ordered latex particles 
to create nano-objects of ferroelectric BaTiO3, however, the nanostructures 
obtained in this study are one order of magnitude smaller. 

7.2  Experimental section 

7.2.1  Materials and sample preparation 

Substrate preparation. The SrTiO3 substrates have been prepared 
by the method described by Koster et al.39 This resulted in a mainly TiO2-
terminated surface on which straight terrace steps appeared upon thermal 
annealing at 960 °C (see Figure 2a). Atomically flat SrRuO3 bottom 
electrode layers of approximately 15 nm have been grown on treated 
SrTiO3 substrates by PLD in 0,06 mbar oxygen pressure at 700 °C, using 
an energy density of 2,5 J cm-2.  

Polymer nanorod preparation. The block copolymer P251-S4VP 
(Mn(PS) = 71900 g mol-1, Mn(P4VP) = 30200 g mol-1 and Mw/Mn = 1.13) was 
purchased from Polymer Source, Inc. and used as received. 
Pentadecylphenol (PDP) was purchased from Aldrich and was recrystallized 
twice from petroleum ether (40-60 w/w) and dried in a vacuum at 40 °C. 
Monolayers of cylinders have been created on the SrTiO3 substrates 
following an identical procedure as described in Chapter 5. PS-b-P4VP and 
PDP (in a 1.5 to 1 ratio with respect to the number of pyridine groups) 
were dissolved in chloroform and stirred for at least 2 h to yield ~1 wt% 
stock solutions. These solutions were diluted and spin coated at speeds 
between 2000 and 5000 rpm to yield films of ~80 nm thickness. 
Subsequently, the films were annealed in chloroform vapor in a small 
sealed chamber for ~20 h. The temperature of the polymer samples Tp was 
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kept at 24 °C with a Tamson heating circulator, while the temperature of 
the included solvent reservoir Ts was kept at 20 °C with a Lauda RC6 CP 
refrigerated circulator. After annealing the lid was lifted from the setup and 
solvent evaporated within a fraction of a second. PDP was washed from the 
films by ultrasound treatment in ethanol for at least 5 min, only leaving 
one polymer layer at the substrate interface. Because the substrate 
interactions of the comb-copolymer systems with SrRuO3 differed from 
those with the SrTiO3 substrates, the SrRuO3 covered substrates were 
coated with a thin film of P251-S4VP(PDP) of which the PDP:pyridine units 
ratio was 1:1, and annealed in the mixed vapors of 60 % chloroform and 
40 % ethanol, which resulted in a similar monolayer of cylinders.  

PbTiO3 deposition. PbTiO3 has been deposited by Pulsed Laser 
Deposition (PLD) at room temperature. The PLD settings can be found in 
Table 7.1. Subsequent ex-situ annealing of these samples in a Panalytical 
X'Pert MRD Cradle four axes diffractometer with Anton Paar TCU 150 
temperature control unit and heating stage, was used to determine the 
crystallization temperature of the PbTiO3 (with a Pb excess) into oriented 
PbTiO3. Other samples have been annealed in a standard tube furnace in 
atmospheric environment by heating in 8 hours to 565 °C, keeping it at 
that temperature for 30-120 minutes, followed by a natural cool down. 

 

Table 7.1. Overview of characteristic Pulsed Laser Deposition settings used. 

Parameter Value 
Growth temperature 22 °C 
Background pressure 10-7 mbar 
Oxygen process pressure 0.13 mbar 
Spot size 0.76 mm2 
Energy density ~2 J cm-2 
Laser frequency 1 Hz 
Target-substrate distance 48 mm 

The used settings generally resulted in a growth rate of ~4,4 Å min-1 
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7.2.2  Instrumental methods 

Atomic Force Microscopy. To study the morphology of the polymer 
films, a Digital Instruments EnviroScope Atomic Force Microscope (AFM) 
equipped with a Nanoscope IIIa controller has been used in tapping mode 
with Veeco RTESPW silicon cantilevers (f0 = 240 – 296 kHz and k = 20 – 80 
N m-1). The surface morphology of the PbTiO3 films has been studied using 
a Digital Instruments MultiMode Scanning Probe Microscope with a 
Nanoscope IIIa controller in tapping mode with BudgetSensors Tap300Al 
silicon tips with aluminium reflex coating on the cantilever and a nominal 
spring constant of 40 N m-1. Piezoresponse AFM measurements have been 
performed on a Nanoscope Dimension V Scanning Probe Microscope with a 
Nanoscope V controller using Veeco MESP-RC phosphorus doped silicon 
cantilevers with a conducting Co/Cr coating and a nominal spring 
constant of 5 N m-1. 

Scanning Electron Microscopy. SEM images have been obtained, 
both in SE and BSE mode, on a Philips/FEI XL30 SEM equipped with a 
secondary electron (SE) and back-scattered electron (BSE) detector. In SE 
mode, the SEM images provide information on the topography, whereas 
BSE images provide information on both topography and atomic mass. 

 

Figure 7.2. Crystal structure of perovskites. The structures are described by the 
formula ABO3, where A and B are metal cations and O is an oxygen ion. (a) Non-
ferroelectric perovskite. (b,c) Ferroelectric perovskite in up and down polarization 
variant. 



7.3 Results and discussion  151 

 

7.3  Results and discussion 

PbTiO3 has a perovskite structure (see Figure 7.2) with room 
temperature lattice parameters a = b = 3.905 Å and c = 4.156 Å.37 In order 
to grow an epitaxial film, the substrate underneath should match well to 
the lattice parameters of PbTiO3. For applications, it is generally desired to 
have the tetragonal film with its c axis oriented normal to the substrate 
surface. Hence SrTiO3, a (non-ferroelectric) perovskite with effective lattice 
parameters a = b = c = 3.903 Å,38 is a widely used substrate. In order to 
conduct piezoresponse AFM measurements however, a conducting bottom 
electrode such as SrRuO3 is necessary. That is why both substrates have 
been used to produce PbTiO3 nanorods. Figure 7.3 shows the 
characteristic AFM pictures of the different procedure steps for nanorods 
prepared on SrTiO3. The chemical and thermal treatment of SrTiO3 (001) 

 

Figure 7.3. AFM height images of (a) a chemically and thermally treated SrTiO3 (001) 
substrate (Δz = 9 Å), (b) PS-b-P4VP nanorods (Δz = 42 nm), (c) PS-b-P4VP nanorods 
covered with amorphous PbTiO3 (Δz = 36 nm), and (d) nanostructured crystalline 
PbTiO3 (Δz = 54 nm). 
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substrates leads to a single TiO2-terminated surface with unit cell steps 
(Figure 7.3a).39 These substrates were coated with an ~80 nm thin film of 
PS-b-P4VP(PDP) comb-shaped supramolecules by spin-coating from a 
chloroform solution and subsequently annealed in solvent vapor, which led 
to the formation of terraces of parallelly oriented PS cylinders in a matrix 
of the P4VP(PDP) comb. Subsequent treatment with ultrasound in ethanol, 
a good solvent for PDP as well as P4VP, and a non-solvent for PS, 
separated the rods from each other, removing the top layers of cylinders, 
while the bottom layer firmly remained at the substrate interface due to 
strong interactions with P4VP. This resulted in patterned nanorods with a 
typical height of ~25 nm and ~65 nm periodicity (Figure 7.3b, for a 
schematic picture see Figure 7.1c). The distance between the nanorods is 
hard to measure due to tip convolution effects, but assuming equal 

 

Figure 7.4. X-ray diffraction 2θ-ω scans around the (001) Bragg peaks of SrTiO3 and 
PbTiO3, during the annealing process at temperatures of 50 °C (gray), 300 °C (blue),
350 °C (black), 500 °C (green), 550 °C (magenta), 600 °C (red) and after the annealing
at room temperature (cyan). From further temperature-dependent measurements, the 
crystallization temperature was determined to be approximately 565 °C. Inset: wide-
range 2θ-ω scan of a thin film, as-deposited (gray), and after annealing (30 minutes 
at 600 °C, cyan). The annealed sample shows (001)-oriented PbTiO3 on SrTiO3 (001) 
and a minor fraction of (101)-oriented PbTiO3. 
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densities for all phases, it can be estimated to be 20 nm. The shape of the 
nanorods is oval-like due to the collapse of the cylindrical structure after 
swelling.  

Due to the low melting point of the polymers, PLD had to be 
performed at room temperature, coating the patterned nanorods with a 
continuous layer of ~30 nm of amorphous PbTiO3 (with a small Pb-excess) 
(Figure 2c). Post-crystallization was carried out at 565 °C. This 
crystallization temperature lies far above the degradation temperature of 
the nanorods, which start to degrade at ~300 °C and are evaporated at 
~450 °C as determined by thermogravimetric analysis of pure block 
copolymer (heating rate = 10 °C min-1). However, during the degradation of 
the nanorods, the nanostructures are transferred to the PbTiO3 layer 
(Figure 2d). The grain-like structure, which is inherent to room 
temperature PLD of PbTiO3, is not lost upon annealing, although the grain 
size increases to ~50 nm. In the range of 30-120 min, no effect of the 
annealing time on the grain structure was observed for an annealing 
temperature of 565 °C. Higher annealing temperatures, however, led to 
further enlarged grains and the loss of the ordered structure. 

XRD measurements as a function of temperature during and after 
the crystallization process of PbTiO3 (Figure 7.4) show the formation of 
almost exclusively (001) oriented PbTiO3. The preferred orientation implies 

 

Figure 7.5. (left) SEM image of an annealed PbTiO3 nanoparticle array on a SrTiO3 
substrate. The sample has been broken for imaging, the breaking plane (with 
discrete steps) is visible on the left side, while the top surface of the nanoparticle 
array can be seen on the right side of the image. (right) SEM BSE top view of the 
annealed PbTiO3 layer on SrTiO3. A clear contrast can be observed, indicating 
difference in atomic mass. The heavier elements show up white and the darker areas 
have a lower average atomic mass. 
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that the crystallization of the PbTiO3 layer is strongly influenced by the 
substrate. Furthermore, X-ray photoelectron spectroscopy (XPS) showed 
that the top layers of the samples contain Pb, Ti, O and C. However, the 
amounts of carbon were minute compared to the other elements, and can 
be explained by the presence of surface contaminations as well as a 
negligible amount of residual carbon from incomplete degradation of the 
polymer. However, as the Pb, Ti and O peaks were not split, there was no 
sign of possible enclosure of this carbon in the PbTiO3 structure. 

Scanning electron microscopy (SEM) confirms the PbTiO3 
morphology and provides qualitative information on the thin film 
composition. Figure 7.5 clearly shows contrast in a backscattered electron 
(BSE) mode SEM image. This proves that regions with a higher and lower 
average atomic mass exist. For the PbTiO3 structures on SrTiO3, this 
indicates regions with more and less lead. Combined with the SEM images 
taken in normal mode, this shows that the grains are connected to form 
chains of ferroelectric nanoparticles and that most chains are separated 
from each other. 

Preliminary p-AFM measurements indicated that the nanoparticles 
exhibit ferroelectric behavior (Figure 7.6). Further measurements should 
provide more insight into the size and shape dependence of the 
ferroelectric response. 

 

Figure 7.6. Typical p-AFM hysteresis (a) and butterfly loop (b) of a ferroelectric grain, 
obtained by sweeping the DC tip bias over 6 V with an AC signal of 2 V and 40 kHz 
applied to the bottom electrode layer. The butterfly loop is an average of 100 sweeps. 
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7.4  Conclusion 

In summary, a simple method of using comb shaped supramolecules 
to obtain ferroelectric nanorods was shown. Although a nanorod template 
of PS-b-P4VP is degraded at temperatures above ~450 °C, capping the rods 
with PbTiO3 and annealing at 565 °C leads to ferroelectric nanorods that 
crystallize above 500 °C. In this way, the PbTiO3 is both oriented by the 
substrate and structured by the polymer template.  

The obtained nanostructures can be used to examine the shape and 
size dependence of ferroelectrics at the nanoscale. The comb-shaped 
supramolecules route offers the advantage that a template consisting of a 
uniform layer of cylinders is easily obtained, however, this method should 
also be applicable to other block copolymers and morphologies such as 
short (emptied) perpendicular cylinders, providing a method to produce an 
ordered array of high density hexagonally (001) oriented ferroelectric dots. 
On the other hand, the use of substrates other than SrTiO3(001) can offer 
the possibility of studying chains of ferroelectrics with their dipole moment 
oriented along the chain axis. 
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Summary 

A polymer is a long and usually flexible chain molecule composed of 
small monomeric units. Some well-known polymers are polystyrene (coffee 
cups), polyethylene (plastic bags), and poly(vinyl chloride) (PVC tubing), 
but of course there are many others, as nowadays, polymers can be tailor-
made to have almost any desirable property, such as high strength, 
biodegradability, electrical conductivity, fluorescence, etc., and new types 
of polymers are synthesized on a regular basis. However, all these different 
polymers have one property in common: they do not mix. It is this specific 
property that has made research on block copolymers immensely popular 
among polymer scientists.  

Block copolymers are created by joining together two different 
polymer chains, or “blocks”, by a chemical bond, sometimes vividly 
compared with tying the tail of a cat to that of a dog. Both animals want to 
get as far away from each other as possible, but can’t get any further than 
their body lengths. A polymer chain on the other hand is not longer than 
several nanometers, which is why block copolymers separate from each 
other in structures with nanometer length scales. Depending on the 
relative lengths of both blocks, different structures can be formed. If both 
blocks have a comparable size, then a collection of identical block 
copolymers will spontaneously form well ordered alternating lamellae if the 
block copolymer is heated above its glass transition temperature Tg. If one 
of the blocks is shorter than the other, these blocks will form hexagonally 
ordered cylinders or even cubically packed spheres in a matrix consisting 
of the other blocks. These microphase separated structures are very 
interesting from a nanotechnological point of view, as selectively removing 
the minority blocks may result in e.g. nanoporous membranes. Removing 
the matrix blocks may lead to nano-objects such as nanospheres and 
nanocylinders, which can also further be used as templates to create 
nano-objects of other materials. This is not only interesting for 
nanotechnology, but also from a fundamental point of view, as nanoscale 
materials may have different, unknown, properties compared to their bulk 
counterparts. 
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Furthermore, especially thin films of such well-ordered block 
copolymers are interesting candidates for nanotechnological applications. 
For example, a highly ordered hexagonal dot pattern, obtained from a thin 
film of ordered polymer spheres or short perpendicular cylinders may be 
used as a template to create an array of well-ordered dots of a ferroelectric 
material. The dipole moment of such a material can be switched in two 
directions by applying an electric field, and hence the dots can serve as 
bits in computer memory applications. Removing one of the blocks of a 
block copolymer is however not as straightforward as it may sound, as 
harsh reaction conditions or radiation often have to be employed to break 
the chemical bonds and selectively remove one of the blocks.  

This thesis is devoted to block copolymers of polystyrene (PS) and 
poly(4-vinyl pyridine) (P4VP), abbreviated PS-b-P4VP. Together with 
pentadecylphenol (PDP) they form so called comb-shaped supramolecules. 
As an amphiphilic chain-like molecule PDP is by far not as long as a 
polymer, but it displays some polymer-like behavior in terms of mixing. 
When combined with PS-b-P4VP, it will be connected with the 4VP 
monomer units in P4VP through hydrogen bonds, resulting in a comb like 
structure. The total P4VP(PDP) comb will microphase separate from PS, 
and within the comb itself, PDP will microphase separate from P4VP in 
even smaller lamellar structures, resulting in structures-within-structures.  

The advantage of such systems is that after self-assembly, the only 
weakly hydrogen bonded PDP molecules may easily be washed away with 
ethanol, simplifying the formation of nano-objects and nanoporous 
membranes. If the PS block is relatively large compared to the P4VP(PDP) 
comb, nanorods can be obtained from the cylinders-within-lamellae 
morphology. For a relatively large P4VP(PDP) comb, washing away PDP 
from the resulting lamellae-within-cylinders morphology may result in a 
nanoporous membrane. Furthermore, the amount of PDP can easily be 
adjusted, thereby changing the relative weight fractions of the PS and 
P4VP(PDP) blocks, which makes it easy to tune the microphase separated 
morphology from spheres to cylinders and lamellae, without having to 
synthesize different PS-b-P4VP block copolymers.  

After a short introduction to block copolymer microphase separation 
in bulk, the first chapter of this thesis starts with a review on block 
copolymer thin films. Especially the behavior and advantages of thin films 
of complexed block copolymer systems such as PS-b-P4VP(PDP) are 
emphasized. The first two experimental chapters, chapters 2 and 3, report 
on nanorods obtained from comb-shaped supramolecules in bulk. These 
nanorods, which have a PS core and a P4VP corona, were found to have 
very poor mechanical properties, due to the absence of entanglements in 
the PS core. The molecular weight between entanglements (Me) of PS is 
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19100 g mol-1, and the molecular weight of the used PS block was 21400 g 
mol-1, only slightly higher, which means that the polymer chains are not 
entangled with each other and will easily be pulled apart when force is 
exerted on them. However, using such individual rods as templates for 
other materials would require sufficient strength to allow handling and 
manipulation. The problem was solved by adding poly(2,6-dimethyl-1,4-
diphenylene oxide) (PPE) to the PS core. PPE is one of the few polymers 
that mixes very well with PS, and furthermore, it also has excellent 
mechanical properties. Its Me is 4300, and the PPE that was used had a 
molecular weight of 25700 g mol-1, meaning that if enough PPE is mixed 
with PS, a sufficient amount of entanglements is created to improve the 
mechanical properties. This was the case when the weight fraction of PPE 
in PS was 0.27. After reinforcement the ~20 nm thick nanorods were 
strong enough to cross the ~200 nm wide pores of an alumina 
ultrafiltration membrane, something that was not possible before 
reinforcement. 

In chapter 3, the exact distribution of the PPE chains within the PS 
core was further investigated. If homopolymer PS of a comparable 
molecular weight as the used PPE would have been mixed with the PS 
blocks, then these chains would be segregated in the middle of the 
nanorods, not very much mixed with PS, due to the fact that it is difficult 
to homogeneously mix a long homopolymer chain with the shorter blocks 
of a microphase separated block copolymer. Namely, for a homogeneous 
distribution, the block copolymer chains would have to stretch very much 
in order to accommodate the homopolymer chains, something which is 
energetically not favorable. However, due to the fact that the interaction 
between PPE and PS is even more favorable than the interaction between 
two PS chains, PPE was found to be distributed throughout the PS core, 
even though its molecular weight was higher than that of the used PS 
block. 

The remaining chapters focus on thin films of PS-b-P4VP(PDP). In 
chapter 4, the behavior of thin films with a relatively high molecular weight 
and large PS block on silicon substrates was examined. Instead of heating 
to temperatures above the Tg, the samples were swollen in vapors of 
chloroform to induce enough mobility in the samples for creating well 
ordered microphase separated structures. However, because chloroform is 
a selective solvent towards PS, swelling in chloroform effectively increased 
the volume of the PS blocks compared to the P4VP(PDP) combs, which 
could change the microphase separated structure of a lamellar thin film to 
cylindrical. Because of the affinity of PDP for the air interface, and of P4VP 
for silicon, the P4VP(PDP) comb was present on the very top of the film as 
well as at the silicon interface, while in between, layers of parallel 
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P4VP(PDP) cylinders in a PS matrix were formed. Furthermore, 
incommensurability of the distance between layers of cylinders and the 
film thickness caused quantization of the film thickness to fit an integral 
number of parallelly oriented cylindrical layers, resulting in terrace 
formation. Also, some non-common terrace formation behavior was 
observed in a sample that was on the boundary between a lamellar and a 
cylindrical morphology. In this sample, perpendicularly oriented lamellae 
were observed, even though PS-b-P4VP(PDP) samples normally form 
parallelly oriented structures. However, in all of the thin films, the 
morphology of the small P4VP(PDP) structures was never observed due to 
the relatively low P4VP(PDP) comb fraction. 

In chapter 5, mainly thin films of samples with a relatively high 
fraction of the P4VP(PDP) comb and low molecular weight, comparable 
with the polymers used in chapters 2 and 3, were studied. The most 
remarkable result presented in this chapter was the formation of terraces-
within-terraces. Terraces of the parallel PS cylinders inside a P4VP(PDP) 
matrix were formed during annealing in chloroform, while the smaller 
terraces of layered P4VP and PDP were created after drying. This means 
that in thin films, both the cylinders as well as the lamellae of the 
cylinders-within-lamellae morphology orient parallel to the surface, while 
in bulk samples, both structures spontaneously orient perpendicular with 
respect to each other. This unusual behavior is caused by the influence of 
the substrate and air interfaces, which is stronger than that of the PS 
domains. Furthermore, washing away PDP from these structures resulted 
in identical individual nanorods as prepared in chapter 2, however, the 
nanorods which were formed at the silicon surface simply remained there 
due to the strong interaction of P4VP with silicon. In this way, an array of 
a single layer of ordered nanorods could be obtained at the silicon surface. 

Chapter 6 reports about the use of these ordered nanorods as well as 
single lamellar thin film layers as templates for the polymerization of 
polypyrrole, an electrically conducting polymer. Cu2+ ions were complexed 
to P4VP after which it was tried to synthesize polypyrrole using chemical 
oxidative polymerization of pyrrole. However, the reactant concentration 
turned out to be so low that reaction did not take place. Addition of a 
catalytical amount of bipyrrole to the solution resulted in templated 
polypyrrole polymerization on top of the P4VP layers. 

In the final chapter, ordered nanorods were used as a template to 
create nanopatterned lead titanate, PbTiO3, a ferroelectric material. A layer 
of PbTiO3 was deposited on the nanorods at room temperature, after which 
the samples were heated to ~565 °C to crystallize PbTiO3. During heating, 
the nanorods are degraded at a temperature of ~450 °C, however, the 
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shape of the nanorods remarkably remained visible in the remaining 
PbTiO3.  

In conclusion, besides serving as an investigation on the behavior of 
PS-b-P4VP(PDP) comb-shaped supramolecules under several bulk and thin 
film conditions, the results presented in this thesis have shown how nano-
objects obtained from these supramolecules can be made suitable for 
template applications, by either reinforcing individual nanorods or 
arranging them in thin films. 





 

 

Samenvatting 

Een polymeer is een lang en flexibel ketenmolecuul, dat is 
opgebouwd uit kleinere moleculen, genaamd monomeren. Het wordt vaak 
vergeleken met een kralenketting, waarbij de kralen de monomeren zijn en 
de ketting het polymeer. Een paar bekende polymeren zijn polystyreen 
(koffiebekertjes), polyethyleen (plastic zakjes) en poly(vinyl chloride) oftewel 
PVC. Maar natuurlijk zijn er vele andere polymeren, en met de komst van 
nieuwe monomeren en polymerisatiemethoden (manieren om monomeren 
aan elkaar te koppelen), kunnen tegenwoordig polymeren gemaakt worden 
met uiteenlopende eigenschappen zoals stevigheid, biodegradeerbaarheid, 
elektrische geleiding, fluorescentie etc. Echter, (bijna) al deze verschillende 
polymeren hebben één gemeenschappelijke eigenschap: net als olie en 
water mengen ze niet met elkaar. Juist deze eigenschap heeft het 
onderzoek naar zogenaamde blokcopolymeren enorm populair gemaakt bij 
polymeerchemici. 

Blokcopolymeren worden gemaakt door twee verschillende polymeren 
(de blokken) met elkaar te verbinden door middel van een chemische 
binding. Dit is te vergelijken met het aan elkaar knopen van twee 
verschillende kettingen, maar misschien nog wel meer met het aan elkaar 
binden van de staarten van een hond en een kat. Beide dieren willen zo ver 
mogelijk bij de ander vandaan lopen, maar komen niet veel verder dan hun 
lichaam lang is. Een polymeerketen daarentegen is niet veel langer dan 
enkele tientallen nanometers (een nanometer = één miljardste meter), en 
daarom scheiden de beide blokken van elkaar op een nanometer 
lengteschaal. Afhankelijk van de relatieve lengte van beide blokken ten 
opzichte van elkaar kan een verzameling blokcopolymeren zichzelf 
organiseren (= microfasescheiden) om verschillende geordende structuren 
te vormen. Wanneer beide blokken ongeveer even lang zijn wordt een 
afwisselende lamellenstructuur gevormd (te vergelijken met de 
laagjesstructuur van een Indonesische spekkoek), wanneer het ene blok 
duidelijk kleiner is dan het andere vormen de kleine blokken hexagonaal 
geordende cilinders in een matrix van de andere blokken, en bij een nog 
groter verschil in lengte worden in plaats van cilinders bollen gevormd. 
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Deze zogenaamde microfasegescheiden structuren (Figuur 1) zijn erg 
interessant voor de nanotechnologie. Zo kan in een cilindrische structuur 
het polymeer dat de cilinders vormt selectief worden verwijderd, waardoor 
een poreuze structuur achterblijft, welke bijvoorbeeld gebruikt kan worden 
als een nanoporeus membraan. Ook kan de poreuze structuur worden 
opgevuld als een soort sjabloon om zo nanocylinders van een ander 
materiaal te creëren. Anderzijds kunnen bij verwijdering van de matrix (het 
langste blok) losse nano-objecten zoals nanobuisjes en nanobollen worden 
gevormd. Ook deze nano-objecten kunnen verder gebruikt worden als een 
sjabloon voor het maken van nano-objecten van andere materialen, wat 
interessant is omdat materialen op nanoschaal vaak andere eigenschappen 
hebben dan het bulk materiaal. 

Verder zijn vooral dunne films van netjes geordende blokcopolymeren 
interessante kandidaten voor de nanotechnologie. Zo kan een geordend 
stippenpatroon, verkregen uit een dunne film van bolletjes of korte 
rechtopstaande cilinders bijvoorbeeld worden gebruikt als sjabloon om 
goed geordende stippen van een ferroelektrisch materiaal te maken. Een 
dergelijk materiaal kan zich in twee verschillende toestanden bevinden, 
welke afgewisseld kunnen worden door het aanbrengen van een elektrisch 
veld. Op deze manier kunnen de stippen dienen als enen en nullen, oftewel 
bits, in computergeheugens. 

 

Figuur 1. Microfasescheiding van blokcopolymeren in geordende cilinders, lamellen 
en bollen. 
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Helaas is het selectief verwijderen van één van beide 
polymeerblokken om de sjablonen te maken vaak niet zo makkelijk als het 
klinkt, omdat de chemische binding tussen beide blokken relatief moeilijk 
te verbreken is. Dit proefschrift gaat daarom nog een stapje verder. Het is 
gebaseerd op blokcopolymeren van poly(4-vinyl pyridine) (P4VP) en 
polystyreen (PS). Kleine pentadecylfenol (PDP) ketens worden met 
zogenaamde waterstofbruggen, die minder sterk zijn dan een chemische 
binding, aan de monomeereenheden in P4VP gekoppeld, waardoor kam-
achtige supramoleculen (PS-b-P4VP(PDP)) ontstaan. PDP is een 
ketenmolecuul dat bij lange na niet de lengte heeft van een polymeer, maar 
in combinatie met deze polymeren wel hetzelfde (niet-) menggedrag heeft. 
Hierdoor zal niet alleen microfasescheiding optreden tussen beide 
polymeren PS en P4VP, maar ook tussen P4VP en PDP. Dit laatste gebeurt 
op nog kleinere lengteschaal door de korte lengte van de PDP ketens, 
waardoor structuren-in-structuren ontstaan. PDP en P4VP vormen samen 
altijd een lamellaire structuur met een periode van ongeveer 4 nanometer, 
terwijl PS en P4VP blijven fasescheiden op een lengteschaal van 10-100 
nanometer, waarbij de structuur afhankelijk blijft van de relatieve lengte 
van beide polymeren (Figuur 2). Het voordeel van deze systemen is dat na 
structuurvorming de licht gebonden PDP moleculen gemakkelijk kunnen 
worden weggewassen met oplosmiddel, waardoor het vormen van 
nanoporeuze membranen en nano-objecten versimpeld wordt. Op deze 

 

Figuur 2. Cilinders-in-lamellen en lamellen-in-cilinders structuren van PS-b-
P4VP(PDP) supramoleculen, waaruit door wegwassen van PDP nanobuizen en 
nanoporeuze structuren kunnen worden gemaakt. 



166   Samenvatting 

 

manier hoeven de chemische bindingen tussen PS en P4VP niet verbroken 
te worden. Doordat PDP een relatief groot volume inneemt, zorgt het 
wegwassen ervan vanzelf al dat er bijvoorbeeld poriën ontstaan voor 
toepassing als een nanoporeus membraan. In het omgekeerde geval valt de 
matrix makkelijk uit elkaar om bijvoorbeeld nanobuizen te maken. Deze 
nanobuizen hebben dan een kern van PS en een corona van P4VP. 

Na een korte introductie tot microfasescheiding in blokcopolymeren 
begint dit proefschrift met een bespreking van de beschikbare literatuur 
over dunne films van blokcopolymeren, en in het bijzonder dunne films 
van supramoleculaire systemen (systemen waarin niet-chemische 
bindingen zoals waterstofbruggen voorkomen) zoals PS-b-P4VP(PDP). 

Hoofdstuk 2 en 3 gaan over de losse nanobuizen die met behulp van 
bulk PS-b-P4VP(PDP) gemaakt zijn. Deze nanobuizen bleken zeer slechte 
mechanische eigenschappen te hebben, waardoor het gebruiken van losse 
buizen als sjabloon moeilijk zou worden. Deze zouden namelijk sterk 
genoeg moeten zijn om manipulatie en verplaatsing te kunnen weerstaan. 
De mechanische eigenschappen werden verbeterd door het toevoegen van 
een kleine hoeveelheid polymeer met zeer goede mechanische 
eigenschappen: PPE. PPE en PS zijn één van de weinige polymeerparen die 
wel met elkaar mengen. In hoofdstuk 3 wordt de precieze locatie van de 
PPE ketens in de PS kern van de nanobuizen besproken. 

De overige hoofdstukken gaan over dunne films van PS-b-P4VP(PDP). 
Hoofdstuk 4 bespreekt het gedrag van relatief lange ketens, waarbij 
P4VP(PDP) cilinders vormt in een matrix van PS. Van dit systeem zouden 
in principe nanoporeuze membranen gemaakt kunnen worden, maar 
helaas oriënteren de cilinders zich in alle PS-b-P4VP(PDP) dunne films bij 
voorkeur parallel aan de film in plaats van loodrecht erop, wat het maken 
van een membraan met behulp van dunne films sterk bemoeilijkt. In 

 

Figuur 3. Schematische weergave van de formatie van geordende nanobuizen uit 
dunne films. In de dunne films oriënteren de buizen zich parallel aan het oppervlak. 
De bovenste lagen nanobuizen worden hierna tegelijkertijd met PDP verwijderd, 
terwijl een geordende laag nanobuizen achterblijft. 
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hoofdstuk 5 wordt gebruik gemaakt van enigszins kortere ketens van het 
omgekeerde systeem, ook gebruikt voor het maken van de nanobuizen uit 
hoofdstuk 2. Ook hiervan wordt het gedrag in dunne films besproken. 
Bovendien wordt door het wegwassen van PDP een geordende laag 
nanobuizen gecreëerd (Figuur 3). In hoofdstuk 6 en 7 worden deze 
geordende nanobuizen gebruikt als sjabloon om nano-objecten van 
polypyrrool, een elektrisch geleidend polymeer, en loodtitanaat, een 
ferroelektrisch materiaal, te maken. 

Samengevat bespreekt dit proefschrift het gedrag van PS-b-
P4VP(PDP) kam-achtige supramoleculen in verschillende samenstellingen 
in bulk en dunne films, terwijl het ook laat zien hoe de nanobuizen die met 
dit systeem gevormd worden kunnen dienen als sjabloon om nano-
objecten van andere functionele materialen te maken, door deze óf te 
verstevigen met PPE óf te ordenen in dunne films. 
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Dankwoord 

Hoewel je als promovendus je proefschrift hoofdzakelijk alleen 
schrijft, heb je het eindresultaat aan veel meer personen te danken. 
Bijvoorbeeld omdat ze je met praktische zaken of wetenschappelijke 
vraagstukken hebben geholpen, maar ook vanwege hun onontbeerlijke 
bijdrage op sociaal vlak. Graag maak ik dan ook van de gelegenheid 
gebruik om iedereen te bedanken die heeft bijgedragen aan de 
totstandkoming van dit proefschrift. 

In de eerste plaats wil ik natuurlijk mijn promotor Prof. dr. Gerrit ten 
Brinke bedanken, zonder wie dit proefschrift er überhaupt niet was 
gekomen. Gerrit, enorm bedankt voor de vrijheid die je me hebt gegeven 
tijdens het uitvoeren van dit promotieonderzoek. Na het lezen van de 
dankwoorden van je vorige promovendi klinkt dat bijna als een cliché, 
maar dat maakt het zeker niet minder waar. Het is als promovendus fijn te 
weten dat je (tot op zekere hoogte natuurlijk) zelf invulling mag geven aan 
je onderzoek, terwijl er altijd een sturende hand op de achtergrond 
aanwezig is. Die vrijheid waar iedereen je voor bedankt geeft ook aan dat je 
vertrouwen hebt in al je promovendi, en ook je vertrouwen in mijn kunnen 
heeft me altijd erg goed gedaan, hoewel ik je soms waarschijnlijk ook 
weinig keus liet. Ik ben ongetwijfeld niet de meest mededeelzame 
promovenda die je ooit gehad hebt! 

I would like to thank the members of the reading committee, Prof. 
Ullrich Steiner, Prof. Olli Ikkala and Prof. Robert Magerle, for reading and 
evaluating my manuscript. Robert, I also want to thank you for your 
enthusiasm about my work during the BPS in Bayreuth, and the invitation 
to do experiments in Chemnitz. Although the setup in Chemnitz was not 
suitable for my samples, you mentioned that using a temperature 
controlled setup could be more helpful. Chapter 5 was the result! I would 
also like to thank Nico Rehse for his friendly assistance during my stay in 
Chemnitz. 

Arend-Jan, hartelijk dank voor je hulp bij al mijn chemische 
vraagstukken en het corrigeren van hoofdstuk 6. Ook de ritjes naar 
Lunteren onder begeleiding van The Shadows zal ik niet snel vergeten! 



172   Dankwoord 

 

De TEM-plaatjes in dit proefschrift zouden niet mogelijk geweest zijn 
zonder de hulp van de leden van de electronenmicroscopiegroepen op 
Zernike en het UMCG. In het bijzonder wil ik Wilma Bergsma bedanken 
voor haar hulp bij het gebruik van de electronenmicroscoop, Wilko 
Keegstra voor het scannen van alle negatieven en Henk de Weerd voor zijn 
hulp en het gezelschap op de erg rustige vrijdagen bij het microtomen. 

I would also like to thank Prof. Janne Ruokolainen for his friendly 
help with TEM and TEM related questions, during my stay in Espoo as well 
as via e-mail. Ari Laiho, thank you for your tips on making TEM pictures of 
the cross-section of thin films! Terhi, thanks a lot for your company during 
my visit to Espoo and several COMPOSE meetings. It’s nice to still hear 
from you every once in a while. Let’s keep in touch! 

Tatiana Fernández Landaluce, thank you for kindly performing 
several XPS measurements. Johan Brondijk, hartelijk dank voor je hulp bij 
(of eigenlijk: het doen van) de geleidingsmetingen van de polypyrrool 
samples. Helaas heb jij er niet veel aan gehad, maar voor mij vormen ze 
toch een mooie afsluiting van hoofdstuk zes. 

Ard Vlooswijk, bedankt voor de plezierige samenwerking die 
uiteindelijk heeft geleid tot onze gemeenschappelijke publicatie, 
beschreven in hoofdstuk zeven. Beatriz, thanks for your enthusiasm 
regarding the project! En natuurlijk waren de uiteindelijke resultaten er 
nooit gekomen zonder de inzet van mijn enige studente, Anne-Marije 
Andringa. Aan haar lag de moeilijke taak om de verwachtingen van beide 
vakgroepen af te stemmen op wat er in werkelijkheid mogelijk was. Anne-
Marije, veel succes met je eigen promotieonderzoek! 

Karin, heel erg bedankt voor je altijd goede humeur en het steeds 
weer feilloos regelen van allerlei administratieve zaken. Hinke, het regelen 
van deze promotie was ook voor jou een ontdekkingstocht. Bedankt voor je 
hulp tijdens de laatste periode! 

Harry Nijland wil ik graag bedanken voor het maken van 
verschillende SEM foto’s en de hulp bij enkele computer-gerelateerde 
probleempjes. Gert Alberda van Ekenstein, hartelijk dank voor je altijd 
vriendelijke hulp en uitleg bij het doen van verschillende rheologie-, 
microscopie- en DSC-experimenten. 

I would like to thank both people with whom I’ve shared a room until 
the end of their promotion for their company and for being great office 
mates. Both of them I managed to lock out of the office without a key at 
some point. Sorry for that! Dear Sasa, thank you for always showing your 
interest in whatever was keeping me occupied. Joost, ook jij bedankt voor 
alle werk- en niet-werkgerelateerde gesprekken. I am also very grateful to 
the other members of the ten Brinke group for being pleasant group mates 
and for their input during group meetings (although we haven’t had much 
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of those recently…): Evgeny Polushkin, Martin Faber, Thu Nguyen, Yuliya 
Smirnova, Tanya Klymko, and Vladimir Markov. Ook alle overige collega’s 
bij polymeerchemie, in het bijzonder Joop, Katja (ook nog bedankt voor de 
laatste XPS-metingen!), Jeroen, Leendert, Wouter, Danijela, Irina en 
Nemanja wil ik van harte bedanken voor hun bijdrage aan alle borrels en 
koffiepauzes, welke altijd goed waren voor de nodige ontspanning. Anke, 
ook al waren we niet vaak tegelijk aan het werk, toch bedankt dat ik je 
labgenootje mocht zijn! Ook gaat mijn dank natuurlijk uit naar alle VvP 
besturen van de afgelopen jaren, voor alle activiteiten die zij georganiseerd 
hebben. Vooral de barbecue in september en de kerstborrel waren elk jaar 
weer een hoogtepunt. 

Natuurlijk kan ik dit proefschrift niet afsluiten zonder een paar 
woorden van dank te richten aan “de Toppertjes” (en aanhang…): Wouter, 
Maaike, Gerrit, Femke, Jan, Miranda, Frank, Hen3 en Kelly. Alle borrels, 
pokeravonden, etentjes, de vaste Toppertjes-feestdagen Koninginnedag en 
oud & nieuw, de weekendjes weg en niet te vergeten de jaarlijkse 4 Mijl 
zorgden voor de broodnodige in- en ontspanning! Frank, onze 
chemicus/fotograaf wil ik natuurlijk ook nog enorm bedanken voor het 
ontwerpen van de cover van dit proefschrift. Het is mooi geworden! 

Verder hebben ook de gezellige avonden met spelletjes, etentjes, 
biertjes, wijntjes en/of andere drankjes met andere oude en nieuwe 
vrienden en bekenden me altijd zeer goed gedaan. In het bijzonder wil ik 
graag René, Nienke en Lydia noemen. Hoewel ik jullie door inmiddels 
groter wordende reisafstanden en andere redenen soms weken, maar vaker 
maanden niet in levenden lijve zie is het altijd weer vertrouwd en gezellig. 
René, na meer dan 20 (!!) jaar vriendschap is het niet meer dan logisch dat 
jij me als paranimf bijstaat. Bedankt daarvoor! Ook wil ik hier graag 
iedereen bedanken die ik wel had moeten noemen, maar desondanks 
vergeten ben. Mijn welgemeende excuses. Bedankt voor je bijdrage, in 
welke manier dan ook, aan dit proefschrift!  

Ten slotte wil ik graag mijn familie bedanken, waaronder ook alle 
opa’s, oma’s, ooms en (oud)tantes die altijd weer hun interesse tonen in 
het reilen en zeilen in het hoge noorden. 

Lieve mamma en pappa, al hielden jullie niet meer van elkaar, jullie 
hebben er nooit enige twijfel over laten bestaan dat jullie wel van mij 
hielden. Bedankt voor jullie onvoorwaardelijke liefde, steun en 
aanmoediging! Natascha, ook jou wil ik van harte bedanken voor je 
betrokkenheid en altijd goede zorgen. Ik vind het fijn om pappa samen met 
jou zo gelukkig te zien. Rudy, ik ben er altijd trots op geweest om jou als 
mijn grote broer te hebben, and Ingrid, I’m happy to have you as my sister-
in-law. Het is altijd weer gezellig als we met z’n vieren samen ergens zijn! 
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Ondanks dat jullie officieel (nog?) geen familie zijn, heeft een bezoekje 
aan Slochteren voor mij nooit anders gevoeld dan thuiskomen. Hilly en 
Martin, ik kan me geen lievere schoonouders wensen! Jolanda, ook jou wil 
ik natuurlijk van harte bedanken voor je interesse en alle gezelligheid. 

Nu heb ik iedereen genoemd: collega’s, vrienden en familie, maar nog 
steeds de belangrijkste persoon in mijn leven niet. Lieve Frans, jij bent ze 
allemaal in één, en meer! Bedankt voor je liefde, je spreekwoordelijke brede 
schouders wanneer ik die af en toe even nodig heb, en de vele manieren 
waarop je altijd weer een lach op mijn gezicht weet te toveren. Ook al moet 
je er zelf nog één schrijven, dit is ook alvast een beetje jouw proefschrift. Ik 
hou van jou! 



 

 



 

 

 


