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CHAPTER 1

Introduction

Efforts in polymer science are increasingly directed at creating new function-
ality by design at the molecular level. New topics are emerging in polymer
chemistry, such as supramolecular [1] and click chemistry, [2] and the importance
of self-assembly in ‘hybrid’ block copolymers containing synthetic or natural
peptide sequences, [3,4] will continue to grow.

The last two decades have seen block copolymers become a popular field of
research. Synthetic routes to all sorts of well-defined, monodisperse architec-
tures [5] became available, and simultaneously the theoretical understanding of
phase segregation experienced major advances. [6–9] The self-assembling prop-
erty of block copolymers and the enormous choice in blocks, shapes, lengths
and so on have since earned block copolymers a place in nanotechnology, in
nanostructure fabrication or patterning. [10–12] The abundance of block copoly-
mers in nowadays ‘hot topics’ of nano- and bio-related research is illustrative of
the potential of functional nanostructures in so-called ‘bottom up’ approaches.

Bottom-up self-assembly can be considered to be governed by the simple
question ‘how to get bigger? ’. Building blocks, in the form of atoms, molecules
or aggregates of molecules, are available and can be manipulated almost at
will at small scale, but one challenge is to extend their ordered assembly to
larger dimensions.

The self-assembly on the scale of phase segregation of polymer chains into
microdomains is now well-studied and has become a mature field in polymer
science. However, if we move one step up the ladder of scale, we find self-
assembly not on the molecular level, but on the level of the microdomains,
presenting many new questions to be understood on a different scale. Interac-
tions with the surroundings come into play, which are even more pronounced
in thin films, and these govern the kinetics and thermodynamics of the mi-
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crodomains. Which factors control the self-assembly of microdomains of a few
tens of nanometers in size, resulting in the formation of ordered arrays over
hundreds of nanometers, or even micrometers?

The work described in this thesis presents an effort to contribute to estab-
lishing what governs the order in self-assembled block copolymer systems, and
even more important, how we can manipulate self-assembly.

1.1 Block copolymer self-assembly

The interest of scientists in block copolymers is described with an illustrating
picture by Helfand and Wasserman: “Like a child contemplating the result
of tying the cat’s tail to that of a dog, scientists perhaps find a certain mis-
chievous delight in considering the effect of joining two immiscible polymer
blocks into one macromolecule. The immiscible units attempt to separate,
but by the virtue of their connectivity they can never get very far from each
other. The result is that they either segregate into microdomains or remain
homogeneously mixed with each other”. [13]

Phase-separated block copolymers microdomains have dimensions of 10
to 100 nm, depending on the molar mass of the polymer chains. A vari-
ety of shapes can be found, such as spheres, cylinders or lamellae, or mi-
cellar structures when prepared from solution. The phase-separated struc-
tures self-assemble into ordered arrays that provide a bottom-up approach
to spontaneously formed nanometer-sized patterns. Microdomain phase sep-
aration is applicable to almost all block copolymers, providing a large choice
in monomers and thus properties. Block copolymer self-assembly therefore
constitutes a complementary approach to the conventional techniques of ‘top-
down’ fabrication.

When thin films are cast from block copolymer solutions, with thicknesses
close to the block copolymer repeat length, the domains order with respect to
each other and the surfaces. For example, in a block copolymer with asym-
metric volume fractions of the blocks, spherical domains of the minority com-
ponent in a matrix of the majority block can be obtained. In a thin film these
spherical domains will pack hexagonally. Such a film can be used as litho-
graphic template [14–16] or as a nanoporous film or membrane. [17] Combined
with the ease of processing polymers into thin films, the phase separated poly-
mers are excellent candidates for producing nanopatterns over large areas in
an easy and cost-effective way. Recently, an example of the utilization of self-
assembled block copolymers was given by IBM, who used block copolymers to
build a nanocrystal FLASH memory device. [18]

However, in order to be utilized in applications such as high-density data
storage, the ordering of the domains needs to be controlled over large areas,
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which remains one of the major challenges. Another challenge is the transfer
of these patterns to a hard material, since most of the polymers consist of
organic units, which gives few opportunities to transfer patterns by, for exam-
ple, etching procedures. Typically, additional steps to ‘load’ an organic block
copolymer with metals are necessary, since there are few examples of polymers
containing inorganic elements.

1.2 PFS: A multi-functional polymer

There are many routes for preparing organic polymers with controlled ar-
chitectures and molecular weights. This is not the case for polymers with
inorganic elements in the main chain, although many interesting properties
are to be anticipated from such polymers. One of the few examples that exist
is poly(ferrocenylsilane) (PFS), which has a backbone consisting of alternating
ferrocene and dialkylsilane units. The first example of high molar mass poly-
(ferrocenylsilane) by thermal ring-opening polymerization was demonstrated
by Manners and coworkers in the early ’90s. [19] Upon heating, the highly
strained silicon-bridged ferrocene monomers ring-open to form oligomeric and
polymeric materials (Figure 1.1).

Figure 1.1: Ring-opening polymerization of [1]silaferrocenophane to poly(ferrocenyl-
silane). [19]

A major advance was made by the discovery that silaferrocenophanes can
be polymerized anionically, providing routes to polymers with well-defined
molar mass with narrow polydispersity and controlled chain architectures, such
as block copolymers. [20,21] The organometallic polymers possess optical, [22]

catalytic, [23,24] redox responsive [25,26] and etch resistant properties, [27,28] due
to the presence of the early-transition metal in the main chain. Since then, thin
films of PFS or block copolymers with PFS have been applied in the fabrication
of redox responsive capsules, [29] in the formation of ceramic nanowires through
micelle formation [30] and as templates in lithography to form dense arrays
of cobalt dots for magnetic data storage. [16] Using PFS block copolymers,
directed microdomain assembly has been demonstrated, [31] a feature highly
important for use in applications as magnetic data storage. [32]



4 Chapter 1. Introduction

Thus, due to the organometallic character, PFS block copolymers combine
the wide range of block copolymer applications with a diverse set of func-
tionalities, which makes them highly interesting for fundamental studies, with
applications near at hand.

1.3 Concept of the thesis

The research described in this thesis is concerned with exploring the controlled
fabrication of patterned arrays at the nanoscale using poly(ferrocenylsilane)
block copolymers. A fundamental understanding of the factors involved in
directed self-assembly is pursued through the study of polymer-substrate in-
teractions. An experimental approach was followed where polymers with prop-
erties tuned at specific substrate interactions were synthesized, characterized
and applied in thin film studies.

The scope of the work presented in the thesis is given in Chapter 1. Some
general concepts used throughout the chapters following are discussed in Chap-
ter 2. The topics discussed in this chapter are brief on actual polymer con-
cepts, such as phase separation, which are considered to be well-known. The
physical background of ordered structures and techniques to probe these or-
dered structures are more extensively reviewed. The techniques are not new
in themselves, but it is the combination of these techniques, which all probe
specific aspects of order, that is important and which was found worthwhile
to elaborate on.

Chapter 3 describes the synthesis and characterization of amorphous PFS
and corresponding polyisoprene block copolymers. The thermal properties are
discussed, as well as the bulk morphology and the order-disorder transition of
the block copolymers. Block copolymers of polyisoprene and the amorphous
PFS demonstrate remarkable ordering in thin films on flat substrates, which
is the topic of Chapter 4. In addition, an extensive discussion on the wetting
properties and the substrate directed morphology in supported films is given.
Chapter 5 describes attempts to guide the ordering in thin films of these
copolymers using ‘graphoepitaxy’, that is by means of topologically patterned
substrates. Examples of two dimensional directed order on the micron scale are
discussed, as well as the effect of different groove geometries on the alignment.

In the following Chapter 6, a novel block copolymer has been prepared
and used in thin film studies, in an attempt to probe the influence of polymer-
substrate interactions on ordering. The synthesis as well as the bulk and thin
film characteristics of a PFS containing block copolymer with a polylactide
block is described, which constitutes a more polar organic block compared to
the polyisoprene and polystyrene blocks used throughout the previous chap-
ters. Chapter 7 describes a more application-related study of the catalytic
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properties of oxidized thin films of PFS block copolymers for the growth of
carbon nanotubes with controlled diameters, tuned by the block copolymer
domain sizes.

Finally, Chapter 8 treats the synthesis of amino-endfunctionalized PFS,
which opens the possibility of incorporating specific motifs, such as hydrogen
bond forming moieties, at the junction between two blocks. In addition, a
more general outlook on the work presented in this thesis is given.
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CHAPTER 2

Ordered structures in phase

separated block copolymers

This chapter gives theoretical background information that is
considered useful for the discussions in the later chapters. A
brief review of the relevant polymer properties is given, as well
as a discussion on microphase separation in diblock copoly-
mers. The main focus of the chapter is on reviewing order in
phase separated block copolymers. To this purpose, a number
of techniques that are used to probe specific aspects of order are
discussed. These include the structure characterization tech-
niques small-angle X-ray scattering and dynamic secondary ion
mass spectrometry, as well as image analysis techniques that
are used to quantify lateral order. The correlation between
the information obtained by these techniques, and the relation
between order in block copolymers in bulk and in thin films is
addressed.
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2.1 Introduction

Block copolymers consist of two or more blocks that are chemically distinct
and typically immiscible. If both blocks are sufficiently long, the polymer
retains the properties of both types of sequences, as found in the corresponding
homopolymers. Block copolymers therefore find widespread application as
compatibilizers, mechanical strength or elasticity modifiers, or as solubilizers
or thickeners. [1] Owing to the incompatibility the blocks phase separate to
form aggregates on microscopic scale. Uniform block lengths lead to regular
structures such as lamellae, or spheres or cylinders of one phase in a matrix of
the other. The length scales can be tuned by simply varying the molar mass
of the individual blocks. Polymers with desired properties can be designed by
the choice of the blocks (and accordingly the associated physical properties),
and by tuning the block ratios, which determines the microdomain structure.
The polymerization method determines the molar mass and the polydispersity
index (pdi), which is the ratio between the weight average molar mass (Mw)
and the number average molar mass (Mn). [2]

The blocks can have an amorphous or semi-crystalline character, depend-
ing on the regularity of the segments. Stereoirregularity leads to packing
defects, which impede crystallization. If units are regular, crystallite growth
through the formation of crystal unit cells occurs. In block copolymers the
crystallization can be either restricted to the separate phases, or take place at
larger length scales involving the whole block copolymer sample, depending on
the mobility of the phases. [3–6] In semi-crystalline polymers, the temperature
Tm associated with the crystal melting depends on the type of polymer, on
the molar mass of the polymer, and on the thermal history and crystalliza-
tion conditions. The equilibrium melting temperature Tm,0 associated with the
melting of crystals with an ‘infinite’ length cannot be experimentally obtained.
Experimental melting temperatures Tm are always lower than Tm,0 due to the
the fact that large crystals are difficult to grow. Crystallization conditions
and impurities determine the finite crystal size. By extrapolating the melting
temperature of finite crystals at various crystallization temperatures the equi-
librium melting temperature can be approached. The rate of crystallization
increases at temperatures further away from Tm,0. The crystallization rate
exhibits a maximum depending on the temperature. At the melting tempera-
ture, the crystallization rate is zero. With increasing undercooling, the driving
force for crystallization increases. On the other hand, the decrease of chain
mobility with decreasing temperature as the glass transition is approached
inhibits the crystallization. In block copolymers, the phase separation con-
fines the mobility and accordingly the formation of crystals. Crystallization
of one phase in a block copolymer is therefore usually slower and the melting
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temperature is lower compared to the corresponding homopolymer.
At decreasing temperature, the chain segments can not move cooperatively

anymore and the segmental movements of the polymer backbones are impeded.
The polymer is in its glassy state, and typically hard and stiff, but not nec-
essarily brittle. Motion is restricted to vibrations and rotations of segments
of side-groups or chain ends. The transition from the rubbery to the glassy
phase occurs at the glass transition (Tg) temperature. Major changes in the
mechanical properties are involved in amorphous polymers, as well as in semi-
crystalline polymers where the transition contributes to the overall softening
of the polymer. [2,7] The temperature at which the glass-rubber transition, as
this transition is hence also termed, occurs is therefore a crucial characteristic
of amorphous polymers, and the applications of polymers depend mostly on
this parameter. The temperature of the glass transition depends on parame-
ters like the chemical structure of the polymer, the molar mass, tacticity or
pressure. Confinement of the polymer, in thin films [8,9] or in block copoly-
mer microdomains, strongly affects the increase or decrease in the segmental
mobility locally, depending on the mobility or rigidity of the imposed confine-
ment.

2.2 Phase separation

The interaction between two polymers A and B is expressed by the Flory-
Huggings equation (Eq. 2.1), [10–12] which describes the Gibbs free energy upon
mixing ∆Gmix. [7]

∆Gmix

RT
=

φA

nA
ln(φA) +

φB

nB
ln(φB) + φAφBχAB (2.1)

The first two terms on the right represent the configurational entropy of the
system, governed by the volume fraction of the two polymers (φi) and the
degree of polymerization of the polymers (ni). The chain length dependence
reflects the translational and configurational entropy. The third term on the
right represents the enthalpic interaction defined by the composition and the
Flory-Huggins segmental interaction parameter (χAB), reflecting the incom-
patibility of the two monomers A and B. The temperature-dependence of
mixing consists of an enthalpic contribution, expressed as the inverse corre-
lation of χ with temperature. The entropy contribution is mainly associated
with an increase in translational entropy upon mixing, which is negligible
for polymers with a high molar mass. Simple van der Waals forces between
the segmental pairs are stronger between equal segments than between unlike
pairs, except for rare cases of hydrogen bonding, dipole-dipole forces or spe-
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cial donor-acceptor interactions. Therefore, most polymers are incompatible
in the limit of large degrees of polymerizations since the enthalpy of mixing is
unfavorable.

In block copolymers, the macroscopic phase separation is impeded by the
covalent linkage between the two blocks. Phase separation occurs, but is
restricted to the microscopic scale, forming aggregates of the phases as far as
the block lengths permit the segregation. [13–15]

Additional parameters now need to be considered for the phase separa-
tion morphology. Interfacial tension, together with packing frustration due to
chain stretching governs the ordered structure of the phases, and will be at a
minimum for microdomains possessing interfaces of constant mean curvature
(CMC). [16–19] The interfacial tension γ describes the increase in free energy
per increase of interface area. Therefore, it can be directly related to the
interaction parameter χ

γ = χkT
NI

S
(2.2)

where NI represents the number of A-B interactions in the interface of area
S. The interface volume equals S∆, where ∆ is half of the interface thickness.
The number of segments in the interface therefore equals

NI =
S∆
ν

(2.3)

where ν is the segmental volume. The interfacial thickness depends on the
conformations of the polymer molecules in the melt. Assuming random walk
statistics and using a DeGennes scaling type analysis for the free energy ex-
pression for the interface, the expression for the interfacial thickness becomes

∆ =
a√
6
χ−0.5 (2.4)

with segments of size a. The interfacial tension γ is therefore given by

γ =
a

ν
√

6
√

χkT (2.5)

As one can realize from Eq. 2.4 and Eq. 2.5, a lower value of χ implies a
lower surface tension, but also a thicker interface. An increase in interface
area results in more unfavorable A-B interactions, but overall the gain in free
energy upon a smaller interfacial tension compensates the enthalpic penalty
of mixing. On the other hand, a sharper interface necessarily implies a larger
loss in conformational entropy of the chains at the interface.
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The above discussion emphasizes the importance of the interaction pa-
rameter. The relevant parameter describing the strength of phase separation
is expressed by χN which is obtained from Eq. 2.1 by using the sum of the
degrees of polymerization of blocks A and B (nA and nB). Weak segrega-
tion occurs for χN close to 10.5, while values of χN ≥ 100 indicate strong
segregation. [13–15,20] In between, the phase segregation is intermediate. The
morphologies and phase transitions of diblock copolymer melts are typically
represented in phase diagrams, in which the temperature dependent segrega-
tion strength (χN), expressing the enthalpy-entropy balance, is plotted versus
the block copolymer composition (fi).

Phase boundaries between the different morphologies as well as the bound-
ary between an ordered morphology and the disordered melt depend on χN
and the block ratio (see Figure 2.1). For a fixed block composition, an order-
disorder transition (ODT) can take place upon increasing temperature. At
the ODT, the enthalpic energy penalty is offset by the entropic energy gain
of mixing. Order-order transitions from one morphology to another occur for
fixed χN and denote the tuning of the morphology by the block ratio.

Theoretically, the existing morphologies at different parameter values can
be calculated using the self-consistent field theory. [22] In the strong segrega-
tion limit the interfacial region is assumed to be narrow. In this regime the
phase boundaries are solely dependent on the copolymer composition and no
longer on the temperature. The chain conformations are stretched and domain
spacings can be scaled as ∼ N2/3. [23] The assumption of a narrow interface
is no longer valid at temperatures near the ODT (χN < 12) where mixing
of the two blocks already takes place before eventual complete homogeneous
mixing. [1] In this weak segregating regime local density fluctuations of the two
components are the root of microphase segregation. [13] The fluctuations are
the result of a competition between decreasing A-B contacts, thereby lowering
the enthalpic term, and the resulting increase in the entropic penalty. In the
strong segregation regime these fluctuations are negligible due to the negli-
gible entropic contribution. If the local density fluctuations are positive, the
enthalpic effects will eventually dominate the entropic effects upon decreas-
ing the temperature, and the system will cross its spinodal point resulting in
microphase separation. [7] This spinodal point is the point in the weak seg-
regation region where the enthalpy is offset by the entropy, upon decreasing
the temperature, and vice versa. The point where this spontaneous transition
in enthalpy-entropy balance takes place is highly dependent on the composi-
tion. [24] In the weak segregation regime the domain spacings can be scaled as
∼ N1/2. [13]

An approach involving the numerical solution of self consistent field equa-
tions, [25] without using approximations such as the narrow interface approx-
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Figure 2.1: Diblock copolymers are predicted to self-assemble into four major equilib-
rium morphologies according to a phase diagram predicted by self-consistent mean field
theory (a) which are proven experimentally (b). A variety of constant mean curvature
geometries is observed as a function of relative lengths of the two blocks: spherical (S),
cylindrical (C), gyroid (G), and lamellar (L) (c). CPS denotes closed-packed spheres,
which are spheres packed in a face-centered cubic lattice. PL are perforated lamellae
(inset in (b)). All phase transitions are thermodynamic first order transitions, except for
the critical point which is a second order transition and marked by a dot in subfigure
(a). [21]

imation, resulted in the possibility to calculate a complete phase diagram,
shown in Figure 2.1. [21] More complex morphologies are possible in the case of
conformational asymmetry, [16,24,26] such as the metastable perforated
lamella, [26] shown in Figure 2.1b. Conformational asymmetry arises from ei-
ther a difference in bulk density, or in Kuhn lengths, or both, and can stabilize
complex morphologies. [24,26]

The intrinsic property of block copolymers to phase separate into nanosized
domains that possess long range order opens up many possible applications, [27]

for example as precursors for photonic crystals, [28] optical waveguides, [29] and
nanoporous materials. [30]

2.3 Ordered structures: From bulk to thin films

The most common morphologies found in block copolymers are spheres in
a body-centered cubic (BCC) lattice, hexagonally packed cylinders (HEX) or
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lamellae (LAM). Closed packed spheres, organized in a face-centered cubic lat-
tice (FCC), and gyroid structures also exist, but are rare. The microdomain
morphology can be probed by several techniques, such as transmission elec-
tron microscopy, rheological measurements and small-angle X-ray scattering
(SAXS). SAXS has the advantage that both the morphology and the lattice
parameters can be determined accurately, macroscopically averaged. Further,
only a small amount (about 10 mg) of material is needed, which is advan-
tageous when the polymerizations are labor-intensive. In bulk the spherical
domains are typically found to adopt a BCC packing, while in thin films
stacked layers of in-plane hexagonally ordered domains are formed. [31–33] The
in-plane order is typically short-ranged, extending over a small number of in-
terdomain spacings, after which the directionality of the hexagonal packing is
changed, which causes an in-plane overall appearance reminiscent of the grain
structure found in metal films. The following sections describe techniques to
probe the morphology of block copolymers in different situations, that is in
the bulk (SAXS) and in films (by secondary ion mass spectrometry). Further,
descriptives for in-plane order are discussed.

2.3.1 Bulk: Small-angle X-ray scattering

X-ray scattering probes the structure of a block copolymer averaged over a
macroscopically sized sample. The scattering of X-rays is based upon a suf-
ficient difference in electron density, in case of block copolymers between the
different blocks. The X-rays are elastically scattered causing a diffraction pat-
tern, which is the projection of the reciprocal lattice of the probed material.
Diffraction from ordered structures is described by Bragg’s law

λ = 2dhkl sinθ (2.6)

where λ is the wavelength, dhkl is the spacing between allowed reflection planes
given by their h, k and l Miller indices, and θ is the glancing angle, or half of
the scattering angle 2θ. [34–36] From Eq. 2.6 it follows that for diffraction from
electromagnetic radiation, λ must be smaller than twice the nearest neighbor
distance, that is λ ≤ 2dhkl. The wavelength of X-rays is about 1 - 1.5 Ȧ.
Since the smallest spacing in block copolymers is typically about 20 - 30 nm,
the angle at which the diffraction pattern is scattered is about 2θ = 0.2◦ and
upward, thus small-angle detection is necessary for determining block copoly-
mer morphology.
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The scattered data are represented as a function of the reciprocal scattering
vector q or its magnitude q = |q|

q =
2π

dhkl
=

4π sinθ

λ
(2.7)

The peak positions relative to the first Bragg peak unambiguously identify the
morphology in the copolymer, since for each morphology there is a specific set
of allowed reflections, that in combination with the lattice parameters result
in the reciprocal peak positions.

The allowed reflections are determined by the structure factor Fhkl, which
is the resultant of the scattered waves, differing in phase and scattered by all
scattering centers of the unit cell.

Fhkl =
∑

j

fj e2πi(hxj+kyj+lzj) (2.8)

The fractionate coordinates xj , yj and zj represent the positions of all j atoms
(in crystals) or domains (in block copolymers) in the unit cell along the three
axes and fj is the scattering factor of the corresponding scattering center. For
example, the fractional coordinates for a BCC unit cell are 000 and 1

2
1
2

1
2 and

Eq. 2.8 results in

Fhkl = 2fj for (h+k+l) = even
Fhkl = 0 for (h+k+l) = odd (2.9)

The allowed reflections for a BCC morphology are therefore (110), (200), (211),
(220) and so forth. Figure 2.2 shows three possible diffraction planes (100),
(110) and (111) in a BCC unit cell. However, from Eq. 2.9, it follows that
the first allowed reflection in scattering is the (110) plane, which gives the d -
spacing corresponding to the distance between the depicted planes. Scattering
from the (100) and (111) planes shown in Figure 2.2 is not allowed. Similarly,
the reflection conditions for an FCC lattice can be obtained from Eq. 2.8
and result in allowed reflections for unmixed h, k and l (all even or all odd)
and extinction for mixed h, k and l. Simple cubic, hexagonal and lamellar
morphology do not have forbidden reflections.
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Figure 2.2: The (100), (110) and (111) planes in a BCC structure. The first allowed
reflection is by the (110) planes.

The allowed reflections result in a scattering pattern typical of a specific
lattice geometry. The distances between the reflecting planes for the three
most common block copolymer lattices BCC, HEX and LAM are given by
Eq. 2.10, 2.11 and 2.12, respectively.

BCC:
1
d2

=
h2 + k2 + l2

a2
(2.10)

HEX:
1
d2

=
4
3

(
h2 + hk + k2

a2

)
l2

c2
(2.11)

LAM:
1
d2

=
h2

a2
(2.12)

Combining the above equations with Bragg’s law (Eq. 2.6) results in ex-
pressions that relate the integral sum s of the Miller indices to the scattering
angle q.

Table 2.1 lists the allowed reflecting planes for cubic, hexagonal and lamel-
lar morphology, as well as s. The relative peak positions pos∗ are given by

pos∗ =
√

shkl

s1st refl
(2.13)

The higher order peak positions in q-space are at relative position to the
first allowed reflection (s1st refl) and given by Eq. 2.13. The relative peak posi-
tions for the most common block copolymer morphologies of spheres in BCC
(for comparison the simple cubic (SC) and FCC are given as well), hexago-
nally packed cylinders and lamellae are listed in Table 2.1. Identification of the
bulk morphology in a block copolymer is possible if the discriminating higher
order diffraction peaks are present. The d obtained for the first maximum can
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Table 2.1: Allowed reflecting planes and the relative peak positions (pos∗) for
morphologies of block copolymers. Ref. [34] was used to construct this table.

Cubic HEXb LAMc

SCa FCCa BCCa

s hkl pos* hkl pos* hkl pos* hk pos* h pos*

1 100d 1 10d 1 1d 1
2 110

√
2 - 110d 1

3 111
√

3 111d 1 - 11
√

3

4 200
√

4 200
√

4
3 200

√
2 20

√
4 2 2

5 210
√

5
6 211

√
6 - 211

√
3

7 21
√

7

8 220
√

8 220
√

8
3 220

√
4

9 300, 221 3 30 3 3 3
10 310

√
10 - 310

√
5

11 311
√

11 311
√

11
3 -

12 222
√

12 222
√

4 222
√

6 22
√

10
13 320

√
13 31

√
13

14 321
√

14 - 321
√

7
15

16 400 4 400
√

16
3 400

√
8 40 4 4 4

a s = h2 + k2 + l2. b s = h2 + hk + k2. c s = h2. d First allowed reflection.
The ‘-’ represents forbidden reflections.

be related to the center-to-center distance p by Eq. 2.6 and the geometrical
relations Eq. 2.14.

BCC: p =
1
2

√
2
√

3 d

HEX: p =
2d√

3
(2.14)

2.3.2 Supported films: Dynamic time-of-flight secondary ion

mass spectrometry

Dynamic secondary ion mass spectrometry (SIMS) [37–39] is a surface analysis
technique used to gain information on the elemental composition in the depth
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of materials. A surface is bombarded with primary ions (typically ions from
Ar, Ga, Cs or O2), causing secondary ions (as atoms, molecules or fragments
of molecules) to be emitted by the material. The secondary ions are detected
according to their charge-to-mass ratio (m/z) by mass spectrometry. SIMS
has a high sensitivity to all elements, and is isotope sensitive, allowing ppm
to ppb level detection. Further, the technique has a high depth resolution of
less than 1 nm. The emitted ions can have different kinetic energies, which
causes ions with the same m/z ratio to have different velocities, resulting in
a loss of mass resolution. This natural spread is overcome in time-of-flight
SIMS (TOF-SIMS) by the acceleration of the secondary ions to a constant
kinetic energy. The time-of-flight of the secondary ion masses is measured.
The advantage of TOF mass spectrometry in SIMS is the access to a wide
mass range, parallel detection of all masses, and high mass resolution. Figure
2.3 shows a typical TOF-SIMS setup.

TOF-SIMS can be carried out in a static or dynamic mode. In static
TOF-SIMS, typically low ion beam intensities are used and the mass spec-
trum is measured before a significant part of the surface layer has been chem-
ically modified or sputtered away. In dynamic TOF-SIMS, higher primary ion
beam intensities are used. The surface is etched away layer by layer, typically
rastered over a distance several times the beam focal width, forming a flat
bottomed crater. In between the etching steps, analysis of the sputtered area
is done in a separate step, by bombarding with a low intensity, non-destructive
analysis beam and registering the secondary ions generated, that is by static
TOF-SIMS. In this way, a depth profile is created. The analysis is performed
typically over a small area in the middle of the crater, to avoid crater-edge
contributions. The intensities in TOF-SIMS are influenced by many factors,
such as the chemical environment, the concentration of implanted primary ions
and sample charging during sputtering. In particular on insulating substrates,
such as silicon oxide, charging becomes more pronounced. The instrumenta-
tion is therefore equipped with a separate electron gun, to stabilize charges
built-up at the surface during the measurement. Typically, in case of elec-
tropositive elements, intensity yields can be enhanced by flooding with a low
dose of oxygen. TOF-SIMS has been used to study segregation phenomena in
metal alloys as well as polymer blends, absorption layers, depth profiling in
block copolymer thin films and diffusion studies in polymer films. [40–44]

The microdomains in a phase separated block copolymer are stacked most
commonly in a BCC packing. [31] In case of a parallel orientation of an arbitrary
plane of the morphology with respect to the two interfaces imposed by the
substrate and the free surface, depth profiling with dynamic TOF-SIMS should
result in an oscillating signal, provided that there is a composition difference
between the two phases. The spacing between the maxima in the dynamic
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A

B

Figure 2.3: A) TOF-SIMS setup and B) Schematic representation of the TOF-SIMS
principle. Figure A was adopted from ION-TOF GmbH.

TOF-SIMS depth profile relates to the corresponding dhkl spacing of the BCC
structure. For instance, if the (110) plane is parallel to the substrate and
surface throughout the entire film, the distance between two peaks is the
d(110) spacing (see Figure 2.4). In addition, this spacing is the the first allowed
reflection peak measured by SAXS.

Thus, applied to block copolymers dynamic TOF-SIMS depth profiling
can be used to determine which of the phases is at the air-polymer interface
and which is at the polymer-substrate interface. The orientation of the lattice
planes with respect to the surfaces can be determined as well.
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Figure 2.4: Planes of microdomains oriented parallel to the substrate and surface. In
this illustration, the (110) plane is oriented in-plane. A corresponding dynamic TOF-SIMS
depth profile gives an oscillating intensity signal, from which d(110) can be obtained.

2.3.3 Lateral morphology

Phase-separated block copolymer domains pack in the bulk to form ordered
structures, that can be described by lattices, and probed by techniques such
as X-ray scattering. In films, the presence of the substrate-polymer and the
polymer-surface interfaces (the latter denotes the free interface) imposes con-
straints to the bulk structure, influencing the morphology. For instance, mi-
crodomains generally adopt a BCC packing in the bulk, while in a film of
one layer of domains a hexagonal packing is adopted. [31] Obtaining an ordered
morphology in block copolymers depends on the extent of the kinetic and
thermodynamic equilibrium that has been achieved. This means that thin
film morphologies are influenced by annealing time, annealing temperature,
the substrate-block copolymer interaction, the block copolymer-air interac-
tion, the strength of phase segregation and the method of film preparation.
As the aim of this thesis is to understand and manipulate the organization of
block copolymer microdomains in thin films, descriptives to quantify lateral
order, based on image analysis, are described in the following section.

Atomic Force Microscopy

Structural studies based on electron microscopy and X-ray scattering were the
dominant techniques to study block copolymer morphology, until studies on
surface morphology became feasible with the development of two techniques:
low-voltage high-resolution scanning electron microscopy (LVHR-SEM) [45] and
atomic force microscopy (AFM). In AFM, a sharp stylus tip attached to a can-
tilever is scanned over a surface, while feedback ensures a constant tip-sample
interaction. Lateral changes cause a deflection of the cantilever, which can be
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translated into the surface contour. Several modes of operation are possible
(friction, constant force, constant probe-surface), depending on the settings of
the feedback electronics. In these static modes, the cantilever is scanned rela-
tive to the sample and typically in direct contact with the material. Dynamic
oscillatory AFM techniques were introduced in addition to contact mode in
AFM to study surfaces and mechanical properties of soft materials, by reduc-
ing tip-sample force interactions. [46] In tapping mode AFM (TM-AFM), an
oscillating probe makes intermittent contact with a sample, and the associated
change in the amplitude of oscillation is used for the feedback control.

In phase mode, the phase lag of the cantilever oscillation, relative to the
signal sent to the cantilever piezo driver, is monitored simultaneously with
the topographic response. The phase lag is mainly due to the interaction
between the sample and the tip. Although the precise origin of the phase
difference is unknown, it is demonstrated to depend on the sample properties
such as viscoelasticity and stiffness. [46,47] The tip tends to remain longer in
contact with softer material, leading to a larger phase lag compared to harder
material. [47] In many cases phase images exhibit a higher contrast than height
images do, revealing features related to surface composition that are not easily
observed in height images. [46] Phase contrast AFM is therefore very suitable
for morphology studies in block copolymer films, when there is a contrast in
stiffness or viscoelasticity between the two phases.

In block copolymer surface morphology studies, there are still plenty of
causes that can frustrate phase imaging by AFM. For instance, there can be
little or no difference in energy dissipating properties between the two blocks.
The majority phase can cover the surface, which screens the minority phase
from the AFM probe. The imaging can be aided by using mild reactive ion
etching in conjunction with AFM by etching the covering layer away, or by
creating a height difference caused by a difference in etch rate between the
block copolymer phases. [48–51]

Voronoi diagrams

Voronoi diagrams give a 2 or 3 dimensional graphical representation of the
spatial distribution of any set of points in a defined space. The spatial dis-
tribution is represented by the formation of polyhedrons, in which each point
is enclosed in such a way that it is closer to the center-of-mass of the polyhe-
dron enclosing it than to any other. A Voronoi construction can therefore be
employed to establish the degree of order more quantitatively, and aids in the
visualization of packing defects and grain boundaries occurring in for example
block copolymer thin films. Voronoi diagrams can be constructed by draw-
ing straight lines between the center of an arbitrarily chosen center-of-mass
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and all other nearby center-of-masses and drawing planes bisecting the lines
perpendicularly (see Figure 2.5). The convex polyhedrons formed around the
spheres are called Voronoi polyhedrons.

Figure 2.5: Construction of a Voronoi polyhedron. Lines at half distances to the
centers between one sphere and its nearest neighbors (dotted lines) are drawn, which are
then intersected by perpendicular planes (dashed lines). The set of planes closest to the
central sphere form the Voronoi polyhedron (black lines).

The packing of block copolymer spheres in a lateral plane can be evaluated
by analyzing the geometry of the set of polyhedra. Spheres surrounded by 6
neighbors appear as hexagons while 5- and 7-fold-coordinated sites are dis-
played as pentagons and heptagons, respectively. In addition to the number
of neighbors, the reciprocal distances influence the shape of the Voronoi dia-
grams. For instance, drawing Voronoi diagrams of hexagonally packed spheres
as in a thin film results in an array of hexagons. Similarly, hexagons will be
obtained for a Voronoi analysis of the packing in a BCC (110) plane. However,
the packing of domains in the (110) plane is a distorted hexagonal packing, as
is illustrated in Figure 2.6, and the Voronoi diagrams will therefore consist of
distorted hexagons.

Drawing Voronoi polyhedra aids in visualizing point defects such as va-
cancies, interstitials or line defects, such as dislocations. Dislocation line de-
fects involve the translation of one part of a crystal (or pseudo-crystal in case
of block copolymer ordering of microdomains) with respect to another. [52,53]

Grain boundaries in (pseudo)-crystal packing are formed by a row of disloca-
tions. Therefore, computational analysis of a plane of spheres, as for instance
obtained from microscopy images, can be used to visualize grain boundaries
and point defects, by assigning different colors to polyhedra with different
coordination numbers. A dislocation core can then easily be observed, since
it consists of a bound pentagon-heptagon pair. Additional information on
calculating Voronoi diagrams based on image analysis is given in Appendix
B.2.
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Figure 2.6: Geometrical difference between the in-plane hexagonal packing in a hexa-
gonal packing (HP) and the (110) BCC plane.

Pair distribution function

A useful descriptor for short-range order in glasses and liquids is the dimen-
sionless pair distribution function g(r). [35,52] In the hard sphere model, de-
parture of the local structure from randomness is due to excluded volume,
arising from the relatively high packing density. The function g(r), given in
Eq. 2.15, addresses the distances between the centers of mass by counting the
number of centers of mass dn in a small spherical shell volume (2πr dr in a
two dimensional plane) at each distance r from an arbitrary chosen center of
mass. The statistical average for many arbitrary chosen origins is divided by
the average particle density (〈p〉) and the sampling volume.

g(r) =
dn

〈p〉 2πr dr
(2.15)

In case of a uniform radial density of center-of-mass over all sizes of the
sampling volume, dn/2πr dr is equal to the average particle density and g(r)
is unity. This is the case for dilute hard-sphere gasses. On the other hand,
monoatomic crystals exhibit an infinite series of discrete peaks at the exact
values of the interatomic separations. For all liquids and glasses, g(r) will
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show several maxima associated with short-range order, before reaching unity
at larger values of r. This is schematically illustrated in Figure 2.7. The
spatial extent of the short-range order to where order is lost and g(r) asymp-
totically becomes unity, is the correlation length ξ. ξ describes the distance
over which local correlation in the position or nearby center-of-masses is lost,
ξ = 2R0 for dilute gasses and ξ is infinite for perfect crystals. The pair dis-
tribution function g(r) is 0 for values less than the hard sphere diameter 2R0.
Because correlations are strongest at the shortest distances, g(r) is largest at
a radial distance somewhat greater than 2R0. The first peak gives the average
nearest neighbor distance. The volume integral under this first peak gives
the average number of nearest neighbors 〈NN〉. However, the exact shape of
g(r) is strongly influenced by the parameters used for the calculation. Since
the resolution is the limiting factor in image analysis, which is based on mi-
croscopy techniques, care should be taken in deriving quantitative values from
pair distribution functions. Detailed information on calculating g(r) based on
image analysis is given in Appendix B.3.

Figure 2.7: Pair-distribution functions for a gas, a liquid/glass and a monoatomic
crystal. Adapted from [52].
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CHAPTER 3

Amorphous poly(ferrocenylsilane)s

Polyisoprene-b-polyferrocenyldimethylsilane block copolymer
(PI-b-PFDMS) thin films do not require annealing to ob-
tain regular, phase-separated patterns as the Tg’s of the con-
stituents are below or near room temperature. Over longer
periods of time, however, the PFDMS crystallizes at room
temperature. Hedrite-like structures form, destroying the mi-
crodomain morphology. To obtain stable, well-ordered nanos-
tructures, crystallization of the organometallic constituent
must be suppressed. This chapter describes a route to amor-
phous poly(ferrocenylsilane)s by copolymerizing symmetrically
and unsymmetrically substituted, silicon-bridged ferroceno-
phanes. The thermal behavior of series of amorphous PFS
and amorphous, low-Tg organic-organometallic block copoly-
mers with narrow molar mass distributions is described. Small
amounts of the comonomer were demonstrated to success-
fully suppress crystallization, as well as influence the intrinsic
polymer characteristics, such as the glass transition, and the
strength of phase segregation.

∗Parts of this chapter have been published: Roerdink, M., Hempenius, M. A. and Vancso,
G. J., Chem. Mater., 2005, 17, 1275-1278.
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3.1 Introduction

Block copolymers with poly(ferrocenylsilane) (PFS) blocks have been used to
fabricate nanoscale structures in a variety of applications, including nanope-
riodic dots and pillars in Si and Si3N4

[1,2], magnetic nanodots, [3] core-shell
micelles for nanowires, [4] and nanopatterned surfaces for catalytic growth of
carbon nanotubes, [5] as has been shown for asymmetric block copolymers
composed of polystyrene (PS) and poly(ferrocenyldimethylsilane) (PFDMS)
blocks. Polyisoprene (PI)-b-PFDMS thin films do not require annealing to
obtain regular, phase separated patterns as the Tg’s of the constituents are
near room temperature. Over longer periods of time, however, PFDMS crys-
tallizes at room temperature. Hedrite-like structures form, [6] destroying the
microdomain morphology. To obtain stable, well-ordered nanostructures, crys-
tallization of the organometallic constituent must be suppressed.

This chapter describes a route to amorphous poly(ferrocenylsilane)s, via
the copolymerization of symmetrically and unsymmetrically substituted, sili-
con-bridged ferrocenophanes. The use of small amounts of monomers that
impart irregularity to the chains has been applied for decades in industry for
the tuning of crystallinity. Particularly, copolymerizations involving vinyl es-
ters or polypropylenes have been widely studied for the effect of the number
and length of branches on the polymer properties. [7–11] Copolymerization with
branched units does not only introduce chain irregularity, but also segmental
mobility to the chains. For example, the effect of the amount and the length of
branches in copolymerizations with metallocene catalyzed polypropylene has
been studied for over thirty years [7,8] and is still an active field of research.
Particularly, linear correlations of the glass transition and thus segmental vol-
ume and flexibility with branching have been described. [9–11]

In the first section of this chapter, a route to amorphous PFS by copoly-
merization is explored. The synthesis of amorphous PFS copolymers will be
described and the influence of the amount of comonomer on the degree of crys-
tallization and on the glass transition is investigated. Since we are primarily
interested in amorphous PI-b-PFS block copolymers, the study on crystallinity
is extended to the corresponding block copolymers. The next section focusses
on a study of the morphology of these block copolymers and on an impor-
tant thermal transition, the order-disorder transition, a highly relevant block
copolymer property for utilization in thin film applications.
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3.2 Statistical copolymers of PFS

3.2.1 Suppressing crystallization

Amorphous poly(ferrocenylsilane)s are in principle obtained by polymerization
of unsymmetrically substituted, silicon-bridged ferrocenophanes. [12] Another
route to amorphous PFS may be via the addition of small amounts of unsym-
metrically substituted monomer during polymerization to suppress crystalliza-
tion. This method was explored for dimethyl[1]silaferrocenophane, copolymer-
ized with various amounts of ethylmethyl[1]silaferrocenophane, which resulted
in well-defined statistical PFS copolymers with narrow molar mass distribu-
tions (see Figure 3.1).

Figure 3.1: PI-b-PFS block copolymer featuring a predominantly amorphous
organometallic block.

The characteristics of some of the statistical PFS copolymers and corre-
sponding block copolymers used for the study of the thermal properties are
listed in Table 3.1. To assess the degree of suppression of crystallization,
isothermal crystallization at 95 ◦C was allowed for two hours for the polymers
listed in Table 3.1. At this temperature, the rate of crystallization of PFDMS
was found to be the highest. [13] DSC heating scans were recorded immediately
after isothermal crystallizations. Figure 3.2 shows the heating scans for the
PFS homopolymers (left) and block copolymers (right).

For F15, trace A, two endothermic peaks associated with the melting-
recrystallization of PFDMS were observed. [13] Upon introducing ethylmethylsi-
lylferrocenyl (EM) units in the chains, the melting transitions shift to lower
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Table 3.1: Characteristics of PFS statistical copolymers and PI-b-PFS block copoly-
mers used in the crystallization study.

Mn
a Mw

a Mw/Mn
a EMb PFSb

[kg/mol] [kg/mol] [mol%] [vol%]
F15 15 17 1.10 0
F13EM5 13 14 1.05 5
F16EM12 16 18 1.11 12
F15EM23 15 17 1.09 23
IF58/22 80 83 1.04 0 22
IF54/18EM6 72 74 1.03 6 19
IF52/20EM7 72 75 1.04 7 22
IF55/22EM23 77 81 1.05 23 23

aMeasured by GPC in THF, relative to polystyrene standards. bMeasured
by 1H NMR.
The notation used to identify the polymers includes the corresponding molar
masses (Mn, in 103 g/mol), and if applicable the mol% of incorporated EM
units. For example, F13EM5 is a 13000 g/mol PFS polymer with 5 mol% EM
units incorporated, and IF54/18EM6 is a 54000 g/mol polyisoprene-b-18000
g/mol poly(ferrocenylsilane) diblock copolymer, with 6 mol% EM in the PFS
block.

temperatures as anticipated for statistical copolymers. [14] At 12 mol% EM the
high-temperature melting transition disappeared. Melting transitions were no
longer observed upon increasing the EM percentage to 23%. A similar trend
of decreasing, and subsequently disappearing, melting transitions was found
for the corresponding PI-b-PFS block copolymers (Figure 3.2, bottom). Thin
films of PI-b-PFS containing 11 mol% of EM showed no sign of crystallization
after being kept at room temperature for one to two days. At higher incor-
porated EM contents (23 mol% or more), crystallization was suppressed for a
longer period of time.

3.2.2 Glass transitions in amorphous PFS

As discussed in Section 3.1, numerous examples of a linear depression of the
glass transition with the amount of branched comonomer units exist. There-
fore, a depression of the glass transition temperature for amorphous PFSs is
expected compared to PFDMS, which has a Tg of 33.5 ◦C in the extrapolation
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Figure 3.2: DSC heating scans of PFS copolymers (left) with increasing amounts
of EM: A) PFDMS, B) F13EM5, C) F16EM12 and D) F15EM23. DSC heating scans
of PI-b-PFS block copolymers (right) with increasing amounts of EM: E) IF58/22, F)
IF54/18EM6, G) IF52/20EM11 and H) IF56/21EM23. All samples were kept at 95 ◦C
for 2 h, prior to heating.

to infinite molar mass Tg,∞. [13] Besides a possible effect of the amount of EM
units, there are several other factors that influence the temperature range of
the actual glass transition, among which the most important are the molar
mass and the molar mass distribution. The molar mass dependence of the Tg

can be accounted for by employing the empirical O’Driscoll relation

Tg = Tg,∞ − K

Mn
2/3

(3.1)

where K is related to the excess free volume at the chain ends. Figure 3.3
shows the result for all PFS polymers with various amounts of EM (see Table
3.2) in an O’Driscoll plot.

It is difficult to compare the plotted data in Figure 3.3, since the amount
of EM differs from 0 to 100%. Dividing the data roughly in two groups of less
than and more than 30 mol% EM aids in visualizing the general trend, which is
a lowering of the glass transition upon incorporation of ethylmethyl[1]silaferro-
cenophane, as expected. The large scattering in the values is understandable,
considering the randomness of the incorporation of the comonomer. We ex-
pect to have a relatively homogeneous distribution of the comonomer over
the polymer chains, since mostly narrow molar mass distributions were ob-
tained. Still, small variations in the block lengths of EM (E) and DM (D),
for example —DDEEEDD— compared to —DEDEDED— will lead to differ-
ences in the bulk properties. Such variations are expected only for larger
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Figure 3.3: Tg versus M
− 2

3
n for PFS polymers with various amounts of ethylmethyl-

[1]silaferrocenophane (� EM ≤ 30%, O 30 < EM ≤100).

amounts of incorporated EM units. In addition, the distribution in mo-
lar mass affects the glass transition, which is not accounted for in Eq. 3.1.

Despite the considerations on the scatter in depression of the Tg, the over-
all lowering is clear, and consistent with other reports on polymer Tgs. [15]

The EM units in the PFS backbone increase the free volume, which enhances
skeletal conformational motions, resulting in the observed decrease in the glass
transition temperature. [16]

3.3 Amorphous PI-b-PFS

3.3.1 Bulk morphology

Small angle X-ray scattering (SAXS) measurements on PI-b-PFS were car-
ried out to establish the bulk morphology by determining the relative peak
positions in the scattering profiles for a large number of PI-b-PFS polymers
(see Table A in the appendix). Typical scattering intensity profiles and the
corresponding azimuthally averaged data are shown in Figure 3.4. The rel-
ative peak positions of the two examples shown indicate a BCC and a HEX
morphology of these polymers. For the block copolymer studied, BCC mor-
phology was found at PFS volume fractions up to 21 vol%. At higher volume
fractions a HEX morphology occurred.

Figure 3.5 shows the d -spacing determined by SAXS as a function of mo-
lar mass for the block copolymers listed in Table A. A linear fit describes
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Table 3.2: Molar mass and glass transition temperatures of statistical PFS copolymers.

Mn
a Mw

a Mw/Mn
a EMb Tg

c

[kg/mol] [kg/mol] [mol%] [◦C]

F14 14 14 1.05 0 25.5

F15 15 21 1.43 0 29.2

F15 15 17 1.10 0 30.0

F13EM5 13 14 1.06 5 29.4

F41EM6 41 61 1.48 6 36.5

F13EM10 13 13 1.06 10 28.5

F14EM11 14 14 1.03 11 29.3

F15EM23 15 17 1.10 23 18.7

F16EM12 16 18 1.12 12 29.5

F35EM31 35 46 1.32 31 30.4

F18EM50 18 21 1.19 50 28.6

F7EM53 7 7 1.05 53 21.8

F4EM88 4 5 1.18 88 19.5

PFEMS-6d 6 6 1.06 100 19.9

PFEMS-19 19 32 1.65 100 25.6

PFEMS-20 20 22 1.12 100 27.3

PFEMS-25 25 37 1.52 100 27.4

PFEMS-27 27 48 1.81 100 26.8

aMeasured by GPC in THF, relative to polystyrene standards.
bMeasured by 1H NMR. cMeasured by DSC heating curves. dThe no-
tation PFEMS is used for poly(ferrocenylethylmethylsilane) homo-
polymers, and includes the molar mass.

the dependence of the d -spacing on the degree of polymerization well, when
normalized for variations in PFS volume fraction. The linear dependence
also corresponds well with the theoretical analysis as formulated by Meier and
Helfand for lamellar block copolymers, [17,18] based on Gibbs free energy consid-
erations. When adapted for spherical and hexagonal morphologies, this results
in slopes of 0.82 and 0.78, respectively. [19] From the measured d -spacings, the
interdomain distances p for the block copolymer can be calculated and are
shown in Figure 3.6.

The values for the d -space are in reasonably good agreement with the
molar mass dependence. However, the probed polymers have an additional
parameter, which is the amount of EM units incorporated. The deviations
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Figure 3.4: SAXS intensity scattering profile and the azimuthally averaged 2D plot
of IF35/11EM11 with relative peak positions at

√
2,
√

3,
√

4,
√

5,
√

6 and
√

7, denoting
a BCC lattice (A), and of IF31/19EM12 with relative peak positions at

√
3,
√

4,
√

7 and√
9, denoting a HEX lattice (B).

in Figures 3.5 and 3.6 from linearity are therefore worth to examine in more
detail. The d-spacing for two series of block copolymers with similar molar
mass and PFS volume fraction were plotted as a function of the amount of
EM (see Figure 3.7). The d-space increases with an increase in the amount
of incorporated EM and this trend was found for all block copolymers. The
change in d -spacing in the examples of Figure 3.7 is about 3 nm, which is too
large to be fully attributed to inaccuracy in the SAXS measurements or in the
polymer characteristics. Rather, the increase in d-spacing can tentatively be
ascribed to a weaker phase separation.
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Figure 3.5: Dependence of the d-spacing (determined by SAXS) on the molar mass
of PI-b-PFS polymers for spherical BCC and cylindrical HEX morphologies. The slope
of the linear fit in the double logarithmic plots equals 0.82 and 0.76 for BCC and HEX,
respectively.

Figure 3.6: Dependence of the interdomain distance p (determined by SAXS) on the
degree of polymerization of PI-b-PFS polymers for spherical BCC and cylindrical HEX
morphologies.

3.3.2 Order-disorder transitions

The order-disorder transition (ODT) temperatures for PI-b-PFS with differ-
ent molar masses and amounts of incorporated EM were determined using
rheology and SAXS.

Determination of ODTs by rheology was based upon dynamic mechanical
measurements, where the energy lost or stored per cycle is related to the
flow behavior. [20–23] In the ordered state, the microdomains act as physical
crosslinks resulting in rubbery behavior, while in the disordered state the
material exhibits normal flow as for homopolymer melts. The storage modulus
(G′) is related to the elastically stored energy and is typically much higher
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A B

Figure 3.7: Plots of d-spacing versus the amount of incorporated EM for two series
of PFS homopolymers with similar molar mass and microphase morphology, i.e. BCC
morphology (A) and HEX mophology (B).

(about 105 Pa for rubbery polymers) than the loss modulus (G′′), which is
related to the dissipated energy. The storage and loss moduli can be used to
determine order-disorder transitions by observing a sharp drop in the storage
modulus (and a smaller drop in the loss modulus) when going from an ordered
to a disordered phase. However, distinguishing between rubbery behavior
caused by a phase-separated morphology or by the presence of small crystalline
areas is not possible, with the result that an ODT cannot be discerned from
a drop in moduli if both transitions are around similar temperatures.

Figure 3.8A shows SAXS patterns of IF at 200 ◦C, recorded for a time pe-
riod of 10 minutes. No changes in morphology were observed, suggesting that
during the time interval of 10 min, degradation or crosslinking is not of conse-
quence for the determination of the ODT. Several heating and cooling cycles
were performed with each sample and examined for indications of crosslinking
or degradation. The absence of higher order, the presence of order in con-
junction with the complete absence of a transition to a disordered phase, or
a considerable change of the ODT temperature, due to the lack of large scale
diffusion, were considered indications of chemical degradation. After a heating
and cooling run the typical morphological scattering pattern was regained and
lost again upon another heating run, and crosslinking was therefore assumed
to be negligible. In addition to our own experimental observations, many ex-
amples have been reported of block copolymers that were chemically stable at
high temperatures and where PI constituted one of the phases. Order-disorder
temperatures for PS-b-PI and PS-b-PI-b-PS have been reported from 90 ◦C
up to 300 ◦C, depending on the molar mass. [23–26]
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A B

Figure 3.8: Time-resolved SAXS patterns of IF30/15EM38 at 200 ◦C (A) and time-
resolved SAXS patterns of IF34/11EM52 in an annealing cycle: unannealed (black, solid
line), 130 ◦C (red, solid lines), cooling down to 60 ◦C in 3.5 min (blue, dotted lines) and
room temperature (green, solid lines)(B). See also Figure C.1.

Observation of the speed of the development of sharp scattering profiles
at different temperatures enabled the determination of an optimal anneal-
ing strategy for the bulk polymer samples. Figure 3.8B demonstrates time-
resolved SAXS patterns of IF34/11EM52 in an annealing procedure, in which
a sample of IF was kept at 130 ◦C for 10 min, to ensure that crystalline mi-
crodomains are absent (since Tm is 120 ◦C in PI-b-PFS, see section 3.2.1).
After a few minutes of heat treatment a BCC pattern developed. The sample
was quenched to 60 ◦C in order to allow the chains to equilibrate, while the
chains retained sufficient mobility to rearrange.

The order-disorder transitions were taken from the heating curves at the
temperature where the higher order diffraction peaks are lost. Figure 3.9
shows SAXS patterns of typical heating and cooling cycles, in this case for
IF34/11EM52. No time was allowed for the material to equilibrate between
capturing the cooling curves, and thus a full recovery of the SAXS pattern
during the cooling process was not observed for most of the polymers.

Often, the loss of microphase separated morphology is accompanied by a
profound drop in the intensity of the first diffraction peak. In Figure 3.10 the
maximal intensity of the first diffraction peak at each temperature, Imax,1, cor-
responding to the SAXS patterns of Figure 3.9, is shown. The order-disorder
transition is located at 200 ◦C upon heating, and upon cooling at 125 ◦C,
where this last value was determined through Imax,2 (not shown). This hys-
teresis in the ODT temperature upon cooling can be ascribed to a combination
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A B

Figure 3.9: Heating run (A) and cooling run (B) temperature-resolved SAXS patterns
of IF34/11EM52.

of a considerably decrease in mobility, which causes equilibration of the struc-
tures during cooling at 10 ◦C/min to be strongly hampered, [27] as well as to
spinodal fluctuations near the order-disorder transition.

A B

Figure 3.10: Maximal intensity of the first diffraction peak (Imax,1) of the heating
run (A) and cooling run (B) temperature–resolved SAXS patterns of IF34/11EM52.

Order-disorder temperatures for polymers with close-packed spheres and
hexagonally packed cylinders, both sets of similar molar mass but with various
amounts of comonomer, were determined using SAXS. Figure 3.11 shows Imax,1
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as a function of temperature for three polymers, IF33/11, IF37/12EM26 and
IF38/13EM100. The characteristics and the ODTs of these block copolymers
and a few more are listed in Table 3.3. ODTs determined by means of dynamic
mechanical measurements (not shown) agreed with the SAXS results and were
typically found to be 5 - 15 ◦C lower.

Figure 3.11: Maximal intensity of the first diffraction peak (Imax,1) of heating runs
of three PI-b-PFSs with varying amounts of EM incorporated.

The obtained values for the ODTs show a significant decrease of more
than 100 ◦C with increasing comonomer content. This strong dependence on
the concentration of EM units is on first hand in contrast with the rather
small effects on the Tg and d-spacing in the bulk morphology. The decrease in
ODT temperature denotes a lower value for the Flory-Huggins χ parameter for
higher EM contents. As discussed in Chapter 2, a lower χ parameter denotes
a weaker phase segregation at a given chain length, but also corresponds to a
thicker interfacial area between the two blocks (Equation 2.4). Considering the
chemical structures of both polyisoprene and poly(ferrocenylsilane), the EM
comonomer increases the similarity of PFS and PI, which has affects on the
phase separation, while exerting only a small influence on the bulk morphology
and glass transition.
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Table 3.3: ODTs for two series of amorphous PI-b-PFSs with similar molar mass and
morphology.

polymer Mn Mw Mw/Mn PFS EM ODT

[kg/mol] [kg/mol] [vol%] [mol%] [◦C]

Mw ∼ 50k, BCC

IF33/11 45 51 1.13 20 0 205

IF35/11EM11 45 47 1.04 18 11 140

IF37/12EM26 49 50 1.04 19 26 145

IF37/13EM100 51 51 1.03 20 100 85

Mw ∼ 50k, HEX

IF30/18EM12 48 50 1.04 31 12 320

IF27/15EM16 43 49 1.14 29 16 305

IF30/16EM38 46 51 1.11 28 38 200
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3.4 Conclusions

The synthesis of amorphous PI-b-PFS was established through copolymeri-
zation of dimethyl[1]silaferrocenophane with unsymmetrically substituted
ethylmethyl[1]silaferrocenophane comonomer. Small amounts of the comono-
mer were demonstrated to successfully suppress crystallization, as well as influ-
ence the intrinsic polymer characteristics through changes in PFS skeletal mo-
bility. A slight depression in the glass transition temperature of the amorphous
poly(ferrocenylsilane) homopolymers was shown with increasing comonomer
content, denoting a higher chain flexibility. Through SAXS measurements, the
morphology and corresponding block copolymer repeat lengths of a large num-
ber of block copolymers could be determined. The repeat lengths increased
slightly with the amount of comonomer in the polymer chains, suggesting a
weaker phase segregation. This was corroborated by a considerable decrease
in the order-disorder transition temperatures. Therefore, the order-disorder
transition temperature can be tuned for these block copolymers by incor-
porating asymmetrically substituted monomer during polymerization, while
retaining the glass-rubbery transition, as well as the length scales associated
with the microdomain morphology. As knowledge of the ODT temperature is
crucial for equilibrating the microphase separated morphology, this is an inter-
esting result in designing PI-b-PFSs for applications where well-equilibrated
structures are required.
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3.5 Experimental

Materials and Polymerizations Ferrocene, N,N,N’,N’ -tetramethylethy-
lenediamine (TMEDA), dichlorosilanes (dimethyl- and ethylmethyl-), and n-
butyllithium were purchased from Aldrich. Dimethyl[1]silaferrocenophane 1
and ethylmethyl[1]silaferrocenophane 2 were prepared and purified as de-
scribed earlier. [12] Anionic polymerizations [28,29] were carried out in THF in a
MBraun Labmaster 130 glove box under an atmosphere of prepurified nitro-
gen (<0.1 ppm H2O). Statistical copolymers of PFS, poly(ferrocenyldimethyl-
silane-stat-ferrocenylethylmethylsilane) (Figure 3.1), were precipitated in met-
hanol and dried under vacuum. Poly(isoprene-b-ferrocenylsilane)s (PI-b-PFS)s
were synthesized by sequential anionic polymerization. Isoprene polymeriza-
tions in ethylbenzene were initiated by n-butyllithium. After completion of
the isoprene block, 1 and 2 were added, followed by THF, for the formation
of the PFS block. Degassed methanol was added after 1 h. The polymers
were precipitated in methanol and dried under vacuum. Small amounts (<
0.1 wt%) of the block copolymers to be used in SAXS were redissolved in THF
containing stabilizer (2,6-di-tert-butyl-4-methylphenol), the THF was evapo-
rated and the polymer samples were dried under vacuum.

Instrumentation 1H NMR spectra were recorded in CDCl3 on a Varian
Unity Inova (300 MHz) instrument at 300.3 MHz and on a Varian Unity 400
spectrometer at 399.9 MHz. A solvent chemical shift of δ = 7.26 ppm was
used as a reference. Systematic errors in the determination of the PFS volume
fraction and the amount of EM units calculated from 1H NMR were estimated
to be ± 1 vol% and ± 5 mol%, respectively. Gel permeation chromatography
(GPC) measurements were carried out in THF at 25◦C, using microstyragel
columns with pore sizes of 105, 104, 103 and 106 Ȧ (Waters) and a dual de-
tection system consisting of a differential refractometer (Waters model 410)
and a differential viscometer (Viscotek model H502). Molar masses were de-
termined relative to polystyrene standards. Systematic errors in the obtained
molar masses were estimated to be < 5%. Differential scanning calorimetry
(DSC) measurements were performed on a Perkin-Elmer DSC-7 and a Perkin-
Elmer Pyris 1 instrument. The Tg was taken at the half Cp extrapolated value
(heating rate 10 ◦C). Rheological measurements were performed on a Physica
UDS 200 rheometer using a parallel plate configuration. The gap between
the plates was 0.5 mm. A constant strain of 1 % was applied at an angular
frequency of 1 Hz, while the temperature was ramped from 40 ◦C to higher
temperatures (200-300 ◦C) with 0.25 ◦C/min.

Small-angle X-ray scattering1 Small angle x–ray scattering (SAXS)
1The SAXS work was conducted at the Cornell High Energy Synchrotron Source (CHESS)

which is supported by the National Science Foundation and the National Institutes of
Health/National Institute of General Medical Sciences under award DMR-0225180.
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patterns were obtained at the Cornell High Energy Synchrotron Source (sta-
tion G1) at Cornell University, Ithaca (New York), using a Filicam detector
(69.78 µm/pixel) (see Figure 3.12). Beam: 10 kV, λ = 1.2390− 1.2495 Ȧ, 0.5
x 0.5 mm. The sample-detector distance was 2080 - 2184 mm. Temperature-
dependent measurements were performed using a hot stage, type Mettler
FP82HT. Heating rates were typically 10 ◦C/min. Variations in the heating
rate did not influence the temperature found for the order-disorder transition.
In a typical experiment, 10-20 mg of a block copolymer was enclosed between
kapton foil under an nitrogen atmosphere and annealed in the hot stage at
150 ◦C during 10 min, and subsequently cooled down to 60 ◦C for another 10
min. The systematic error in the d-spacings measured was estimated to be <
1 nm.

Figure 3.12: G1 Line at the Cornell High Energy Synchrotron Source, used for SAXS
measurements. A) Table setup. B,C) The hot stage setup used for temperature dependent
measurements (See also Figure C.2).
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CHAPTER 4

Thin films of PI-b-PFS

The substrate wetting of an amorphous, low glass transition
spherical poly(isoprene-b-ferrocenylsilane) (PI-b-PFS) block
copolymer was studied. A dynamic time-of-flight secondary
ion mass spectrometry (TOF-SIMS) study indicated the pres-
ence of both PI and PFS directly at the film - substrate in-
terface on silicon and silica substrates. The dynamic TOF-
SIMS depth profiling study indicated a transition in the pack-
ing morphology of the domains between the 2D monolayer
and 3D thicker layers. In a monolayer of domains, a hexago-
nal packing was adopted. In films of two or three layers, the
hexagonal packing reorganized towards a BCC packing by the
extension of the copolymer chains in the direction normal to
the substrate, as indicated by an increase in spacing between
layers and an increase in domain size. For thicker layers, a
BCC morphology with the (110) plane parallel to the sub-
strate was found that extended from the free surface down to
the substrate. The copolymer exhibited long-range ordering
on the micron scale on flat silicon substrates without high-
temperature annealing.

∗Parts of this chapter are accepted for publication in Small as: Roerdink, M., Hempenius,
M. A., Gunst, U., Arlinghaus, H. F. and Vancso, G. J., Substrate wetting and topologically
induced ordering of amorphous PI-b-PFS block copolymer domains.
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4.1 Introduction

Block copolymers have the ability to form regular arrays of microdomains.
The self-assembled structures provide a convenient and cost-effective method
of fabricating nanostructures of 10 – 100 nm, [1] a length scale not addressable
by traditional lithographic techniques. This can be exploited in bulk mate-
rials with applications such as nanoporous materials, nanochannels, optical
waveguides or photonic crystals. [2–7] In thin films two dimensional patterns
are formed, which can be used as nanoporous membranes, to fabricate mag-
netic or nanoelectrode arrays or as lithographic masks, transferring the block
copolymer pattern to underlying substrates. [8–12]

Preferential segregation of one of the blocks on the surface or substrate
imposes constraints to the film thickness, and in addition can influence orien-
tation of the microdomains or even the microdomain morphology. The wet-
ting behavior of symmetric block copolymers has been studied extensively
both theoretically and experimentally. [13,14] A block with higher affinity for
the substrate will form a preferential wetting layer, resulting typically in a
parallel orientation of the microdomains. A free surface (such as air, vacuum
or an inert gas) will in turn be enriched by the block with the lower surface
free energy. [15,16] Preferential wetting of the block with the lowest surface ten-
sion at the free surface is observed regardless of the morphology (spherical,
cylindrical or lamellar). Cylinders and lamellae typically orient parallel to the
substrate, while spherical domains arrange in hexagonally packed 2D arrays.
In case of asymmetric block copolymers, stacked layers of domains, cylindrical
or spherical, are arranged in such a way that the domains are located over the
inter-domain region of the adjacent layers. [17] In case of a strong interaction
of one block with the substrate, a transition of cylindrical morphology to a
lamellar one directly near the substrate was observed. [18,19]

As the thickness approaches few multiples of the microdomain spacing
L0, commensurability of the film thickness with the domain spacing becomes
increasingly important. Deviations from the ideal film thickness that is dic-
tated by preferential wetting constraints and the block copolymers intrinsic
periodicity (L0), have to be distributed over a smaller number of stacked lay-
ers of domains. [20] In confined and free-standing films the block copolymer
may respond to incommensurate thicknesses with a transition in orientation
of cylindrical domains from a parallel to a perpendicular one. This has been
theoretically discussed in terms of the difference in free energy between the
lattice period in the block copolymer thin film in parallel or perpendicular
orientation compared to bulk morphology. [21] When the film thickness is less
than the natural film thickness for one layer of domains, the parallel orien-
tation would require too much elastic energy of the polymer chains. In this
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case, perpendicular oriented domains ensure maintaining the equilibrium re-
peat distance, although the blocks do not comply with the preferential segre-
gation dictated by the interfacial tensions. Further, a transition from a bulk
packing of cylinders to a ‘thin film’ packing, or even a transition to spheri-
cal domains, and the contraction and expansion of the microdomain spacing,
have been observed for film thicknesses incommensurate with multiples of L0,
despite the entropic penalties inherent in these structures. [22–24] A theoretical
study in confined thin block copolymer films described similar transitions be-
tween lamellar and cylindrical microdomains, oriented either perpendicular or
parallel, depending solely on the film thickness and the energetic preference of
the surface for one of the blocks. [25]

In substrate supported films (with one free surface, such as air, inert gas or
vacuum), in addition to a morphological transition, the formation of islands
and holes is typically observed for decreasing film thickness, which enables
the flow of material from one part of the film to form the commensurate film
thickness in other areas of the film. [20,26,27]

As the preferential segregation of one or both blocks at the substrate and
surface are of importance for the thin film morphology, a study of the wetting
layers is highly valuable for understanding thin film morphology. Informa-
tion on the wetting behavior of block copolymers can be gathered from tech-
niques such as cross-sectional transmission electron microscopy (TEM), [17] X-
ray or neutron reflectivity measurements or secondary ion mass spectrometry
(SIMS). [18]

In case of PS-b-PFS a PFS brush layer is assumed to form at silicon sub-
strates. An extensive study of substrate wetting in the case of PI-b-PFS has
not been presented so far, but since we expect the polyisoprene block in our
block copolymer to be more apolar, it is of interest to know if a similar case
of a PFS brush layer on the substrate exists or if a different situation such as
symmetric wetting by both blocks or asymmetric wetting by one of the blocks
occurs.

In this chapter, the thin film morphology of asymmetric, sphere-forming
PI-b-PFS block copolymers is discussed. The effect of substrate modifications
is evaluated as a possible tool in manipulating the degree of order of the
self-assembled microdomains. To complete the picture established from the
thin film investigation, a detailed dynamic TOF-SIMS study of the substrate
wetting layer in both PS-b-PFS and PI-b-PFS is discussed.
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4.2 Thin film morphology

Long-range order

Thin films of the amorphous block copolymers on silicon (with a native oxide
layer) were imaged by tapping mode AFM, showing a relatively well-ordered
monolayer of PFS spheres, as shown in Figure 4.1. The figure shows a 1
µm2 area of the film, where the methods to characterize the order, described
in section 2.3.3, were employed. Both the Voronoi diagram representation
(Figure 4.1C) and the pair-distribution function (Figure 4.1D) constructed
from the AFM image confirm the good ordering quality and the relatively large
single grain size. In comparison, the average grain size found in PS-b-PFDMS
diblock copolymer thin films is typically around 280 nm. [28] Similar correlation
length values were observed for PI-b-PFDMS diblock copolymers. PS-b-P2VP
diblock copolymer thin films on flat silicon substrates showed single grain sizes
of about 400 nm. [29] The increased correlation length for the amorphous PI-
b-PFS block copolymer monolayers is likely a result of the high molecular
mobility, allowing for the removal of point defects and grain boundaries by
sphere rearrangement. The high molecular mobility might be due to the low
glass transition temperature of the polyisoprene block and to a lowered glass
transition temperature of the PFS block combined with the suppression of
crystallization of the PFS domains. Figure 4.2 shows a well-ordered monolayer
of organometallic spheres, with a single hexagonal grain extending over a large
part of the scanned area of 2 µm.

The AFM images in Figure 4.1 and Figure 4.2 were taken at room temper-
ature. The film surface was directly probed in the tapping mode. As discussed
in section 3.2.2 the glass transition of the PFS block is lowered with increasing
amounts of incorporated EM units. In block copolymers, the glass transition
temperature of each block shifts towards the glass transition temperature of
the other block: in case of PI-b-PFS the Tg of the PI shifts to higher temper-
ature, while the Tg of the PFS shifts towards lower temperature. Both effects
lower the effective glass transition temperature of the PFS block copolymer,
resulting in a shift from a block copolymer with one rubbery block and one
glassy block to a block copolymer with two rubbery blocks with increasing
content of EM units. The contrast in the AFM height and phase images [30,31]

therefore decreases significantly, frustrating direct imaging of the block co-
polymer film. In addition, due to the low glass transitions, the polymer film
sticks easily to the AFM tips. To circumvent the decrease in imaging contrast,
the films were exposed to an O2–RIE treatment described by Lammertink et
al. [32] Exposure to a mild O2–RIE easily removed the organic PI phase by
the bombardment of the oxygen species, while an iron oxide cap is formed at
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Table 4.1: Characteristics of the polymers used in the thin film study and dynamic
TOF-SIMS depth profiling measurements in this chapter.

Mn
a Mw

a Mw/Mn
a PFSb EMc dd

[kg/mol] [kg/mol] [vol%] [mol%] [nm]

IF35/11EM11 45 47 1.04 18 11 22.7

IF44/15EM14e 58 62 1.06 20 14 25.1

IF47/13EM45 60 62 1.02 16 45 23.9

IF37/13EM100 50 51 1.03 20 100 21.3

SF65/20f 84 89 1.07 20 39.2

aMeasured by GPC, relative to polystyrene standards. bCalculated from ferrocenyl
and polyisoprene 1H NMR integrals. cCalculated from ethylmethyl and dimethyl 1H
NMR integrals. dFirst Bragg reflection peak measured by SAXS. The error is ± 0.1
nm. eNotation for PI-b-PFS, with the indication of the Mn of the PI and the PFS
block, respectively, and EM mol%. fNotation for PS-b-PFS, with the indication of
the Mn of the PS and the PFS block, respectively.

the surface of the PFS domains, protecting the material underneath. Thus,
only oxidized PFS remains at the surface, which can be easily imaged as both
height and phase images. The presence of iron enables one to use scanning
electron microscopy (SEM) as direct imaging tool, since the electron density
of the iron present from the PFS creates a scattering contrast. [33,34]
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Figure 4.1: AFM-TM height image (z-range is 10 nm) of a 35 nm film of IF35/11EM11
(A). A sphere-finding algorithm was used to construct a representation with Voronoi
diagrams (B,C) and a pair-distribution function (D). See also Figure C.3.

Figure 4.2: A) AFM-TM height image (z-range is 10 nm) of a film of IF35/11EM11
(thickness 35 nm), its Voronoi representation (B) and pair-distribution function, with the
FFT shown in the inset (C). The film was annealed overnight at room temperature. See
also Figure C.4.
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Annealing strategy

Figure 4.3 shows a PI-b-PFS film after annealing at room temperature during 5
hours and during 24 hours, respectively, followed by O2–RIE. Clearly, the order
improves quite significantly when the domains have more time to equilibrate.
Yet, the ordering kinetics is quite fast, having obtained considerable areas of
ordered arrays within a few hours after spincoating. The degree of order after
24 hours is remarkably good, demonstrating almost one single grain over the
2 µm2 scanned area.

Figure 4.3: AFM-TM height image (z-range is 10 nm) of a thin film of IF35/11EM11
after O2-RIE exposure and their Voronoi diagram representations, annealed for 5 hours
(A), and annealed for 24 hours (B). See also Figure C.5.

An annealing time of 24 hours was found to be sufficient for establish-
ing a high degree of order. Moreover, in this polymer, which contained 11
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mol% of EM units, hardly any signs of crystallization were observed within
this period, which was in agreement with the differential heat calorimetry ex-
periments described in section 3.2.1. PI-b-PFSs with higher amounts of EM
units were prepared to prevent any possible crystallization. Figure 4.4 shows
such a film of PI-b-PFS, where the PFS block consists fully of EM units.
This polymer, with similar molar mass and PFS volume fraction, displayed
a very poor degree of order. Therefore, the long-range order observed for
IF35/11EM11 cannot be accounted for solely by the increased mobility in the
polymer. Thermodynamic considerations, such as the segregation strength,
or surface wetting, are apparently of importance as well. The order-disorder
temperature of IF37/13EM100 was found to be considerably lower compared
to IF35/11EM11, which denotes that the segregation strength of the latter is
higher. Therefore, the degree of order found in these thin films is governed by
the segregation strength and the kinetic mobility of the copolymer chains.

Figure 4.4: AFM-TM height image (z-range is 10 nm) of a IF37/13EM100 film
with an initial film thickness of 29 nm (A), its Voronoi diagram representation (B), and
the associated pair-distribution function (C). The degree of order is significantly lower
compared to films of IF35/11EM11.

In section 3.3.2 an annealing strategy for bulk copolymer was discussed,
which involved a brief heating above the melting temperature of PFS, followed
by annealing for a short while at a temperature below the melting transition,
but significantly above the glass transition. The same annealing procedure was
applied to thin films, but instead of an increased order, as in case of the bulk
sample followed with SAXS, the order was poor, even less well-defined than
immediately after spincoating, as can be seen in Figure 4.5. Both spherical and
wormlike microdomains were found in a 33 nm film of IF47/13EM45, which
gives well-ordered spheres on annealing at room temperature. The presence
of the substrate strongly slows down the diffusion of polymer chains.

The influence of substrate modifications on the wetting behavior of the
block copolymer, and therefore possibly on the thin film morphology, was
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Figure 4.5: AFM-TM height image (z-range is 8 nm) of a thin film of IF47/13EM45
with an initial film thickness of 33 nm, after O2–RIE exposure (left), and SAXS scattering
profile of the bulk of IF47/13EM45, after annealing at 150 ◦C for 10 min and at 60 ◦C
for 10 min (right).

explored. Films on passivated silicon showed no phase separated block co-
polymer morphology at all, but rather structures reminiscent of dewetting.
On mica and alkyl modified substrates the block copolymer films did not
dewet, but showed no or little order. The morphology on substrates with a
thick oxide layer (> 180 nm) was similar compared to silicon with a native
oxide layer, but the films were generally more susceptible to dewetting, and
morphology transitions (from spheres to cylinders) were often observed.

4.3 Substrate wetting in PI-b-PFS and PS-b-PFS

Dynamic TOF-SIMS depth profiling measurements were performed on flat
thin films of PS-b-PFS (SF65/20) and PI-b-PFS (IF45/15EM14) (see Table
4.1, the PFS was the minority phase and formed spherical domains arranged
in a body centered cubic (BCC) phase in the bulk) on both silica and silicon
(with a few nanometer thick native oxide layer) substrates. The thickness
of the silica layer can influence the stability of a non-polar liquid on a solid
substrate, as was demonstrated for PS on silicon with oxide layers of various
thickness. [35] The interplay of both short- and long-range interfacial forces
may influence the film stability in case of our non-polar block copolymer, and
may also affect the substrate wetting.

In dynamic TOF-SIMS, bombardment-induced erosion from a sample sur-
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face downwards occurs and one or more mass-over-charge intensities are recorded
as a function of time, which can be converted to a concentration-depth pro-
file. [36,38] By detecting the Fe ions that are present in PFS, the compositional
depth profile in thin block copolymer films was obtained in terms of PFS
volume fraction (φPFS), using Equation 4.1

φPFS (z) = hfPFSI(z)/
∫ h

0
I(z)dz (4.1)

where h is the film thickness, fPFS is the bulk volume fraction of PFS in the
polymer, and I(z) is the current of Fe ions incident onto the detector.

Figure 4.6 shows the PFS depth profile of the Fe ion intensity converted
to φPFS in SF65/20 on Si and SiO2, with film thicknesses of 69 nm and 215
nm, respectively.

Figure 4.6: Depth profiles established with dynamic TOF-SIMS , represented as the
PFS volume fraction, for SF65/20. A) 69 nm film on silicon. B) 215 nm film on silicon
oxide.

The free surface was determined from the Au–signal (not shown here) of
a thin gold layer evaporated on the polymer surface. The first maximum
of φPFS is located at a distance from the surface, denoting the first layer of
spherical domains located within the film. This peak in φPFS corresponds to
a layer of PFS spherical domains with a half-peak width of 30 nm, which we
take as the domain diameter. The next maximum in φPFS is located directly
at the silicon substrate. The width of this PFS layer is 13 nm, which is
approximately one-half of the domain diameter. The PFS volume fraction at
the substrate is considerably lower compared to the layer of spheres. These
results indicate that in PS-b-PFS block copolymer films the PFS preferentially
resides at the silicon substrate, whereas the PS exhibits an affinity for the free
surface. Figure 4.6B shows a similar trend of a somewhat thicker PS-b-PFS
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film, but on a silicon oxide substrate. At the substrate, a PFS layer is present
with one-half the thickness of the domain size within the specimen. The
oscillating signal clearly indicates layers of spherical domains ordered laterally
with respect to the substrate over the entire analysis area of 30 µm2. There are
five layers of spherical PFS domains present in this film with an average domain
diameter of 22 nm. The layer periodicity (l), that is the spacing between two
adjacent maxima in φPFS, is 42 nm. This corresponds well with the spacing of
39.2 nm for the first allowed reflection in the BCC structure (lBCC), which is
the (110) plane, that was determined by small-angle X-ray scattering (SAXS).
Similar results where spherical domains were found to order on the substrate
with the (110) plane parallel to the substrate were found by others for PS-b-
PVP. [37] In Table 4.2, the average domain diameter (2r) and layer periodicity
for the films are summarized.

Figure 4.7: Dynamic TOF-SIMS depth profiles of IF46/15EM14, converted to the
PFS volume fraction, for films of A) 73 nm on silica, B) 84 nm on silicon, C) 204 nm on
silicon and D) 233 nm on silica.

Figure 4.7 shows the volume fraction of PFS in thin films of
IF46/15EM14 on silicon and silica. First, the depth profile of the PI-b-PFS
has a weaker variation in the PFS volume fraction (4φPFS ) than observed
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for PS-b-PFS. The weaker oscillation is likely due to the weaker phase segre-
gation in PI-b-PFS (see section 3.3.2). From contact angle measurements it
is known that PI wets the air interface. [38] In all films, maxima in the PFS
volume fraction are found at the substrate interface, and there is no notice-
able difference in wetting behavior on silicon or silicon oxide. Contrary to the
copolymer film with a polystyrene majority phase, there is no notable decrease
in PFS volume fraction directly near the substrate, nor are the widths of these
peaks smaller compared to other depth values in the plots. Comparison of the
dynamic TOF-SIMS data of SF65/20 and IF46/15EM14 leads us to conclude
that while in PS-b-PFS films a layer of PFS is present at the substrate, due to
the significant decrease in PFS volume and layer thickness at the surface, both
blocks are present at silicon or silica substrates in the case of PI-b-PFS. The
presence of both blocks directly at the substrate in PI-b-PFS is supported by
SEM images of O2-RIE exposed films on substrates with 100 nm deep grooves,
where domains are observed directly on the groove walls (as will be discussed
in Chapter 5.

Although the manner in which PFS is present at the substrate differs for
PS-b-PFS and PI-b-PFS, the natural film thickness h0 that is commensurate
with the periodicity is consistent for both polymers with asymmetric wetting
for surface and substrate, and is given by

h0 = [(n− 1) + 0.5] l(BCC) (4.2)

where n is an integer. The number of layers found by dynamic TOF-SIMS
in the PI-b-PFS thin films and the corresponding average layer thickness and
domain sizes are given in Table 4.2. First, the deviation from the natural
film thickness is less than 1% for the thicker film of SF65/20, which implies
that either the film thickness was coincidentally very well chosen, or that the
copolymer responds easily to small deviations from the natural film thickness
by chain stretching or compression, distributed throughout the entire film.
For PI-b-PFS films of four layers or more (Figure 4.7B-D) the average layer
thickness corresponds well with the equilibrium bulk value l(BCC) for the (110)
plane in a BCC morphology, which was determined by SAXS to be 25.1 nm.

The planar (110) oriented BCC morphology found in dynamic TOF-SIMS
does not correspond to the in-plane morphology of spheres in a monolayer,
which are hexagonally packed (HP), as can be easily imaged, for instance by
atomic force microscopy (AFM). The (110) plane of a BCC structure is a dis-
torted hexagonal packing of domains. The (111) plane in FCC and the (111)
plane in BCC exhibit hexagonal packing of domains. However, if one assumes
either one of these planes to be parallel to the substrate, the correspond-
ing layer periodicities are not compatible with the dynamic TOF-SIMS data.
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Based on our dynamic TOF-SIMS results, we explain the discrepancy with
the HP monolayer and the BCC bulk morphology by a rearrangement of the
microdomains in thin films, a similar process to surface relaxations and reloca-
tions in atomically thin films of metals. [39] The first layer of domains forms an
HP array of domains. When a second or even third layer of domains is present,
a repositioning towards a more BCC-like morphology occurs, presumably via
a base-centered orthorhombic arrangement. The position of the domains in
both layers is shifted slightly with respect to the hexagonal packing. In the
subsequent layers of domains, the HP morphology is abandoned and a BCC
structure is adopted. Our results of a larger layer-spacing in thinner films (see
Table 4.2) agree well with such a transition. A more close-packed arrange-
ment of microdomains in a monolayer, as is the case for HP arrays compared
to a BCC arrangement, will necessarily induce a mechanical stress normal to
the plane of organization on the chains, which will result in chain stretching
and larger domain sizes and interdomain spacings. This is supported by the
film thickness of 41 nm for one monolayer of domains (n = 1) in PI-b-PFS,
which is almost three times the calculated h0, and close to h0 for 1.5 layers
(n = 2). However, just one layer of domains exists directly at the substrate
(n = 1).1 Similarly, the thickness for the monolayer in SF65/20 deviates by
17% from the natural film thickness. For films of more than one monolayer,
a positional reorganization of the domains from HP to BCC phase induces
most probably chain stretching both in-plane and out-of-plane. In the film
of three layers of domains of IF46/15EM14 (Figure 4.7A) there is a consid-
erable difference in the distance between adjacent layers and the bulk value.
Moreover, the first layer directly next to the substrate is 27 nm, slightly larger
than (l(110)), while the second layer is 34 nm. The increase in domain sizes, as
well as the increased layer thickness in the thinner films of both SF65/20 and
IF46/15EM14 compared to the bulk, support our idea of a transition in the
morphology going from films of a few layers of microdomains to thicker films
in the copolymer studied. In thicker films, this difference in layer periodicity
throughout the film is absent. Clearly, the rearrangement from HP to BCC
strongly affects the orientation in films up to three layers in this polymer,
but for thicker films, the BCC (110) morphology planar to the free surface
dominates the order down to the substrate.

Small variations in periodicity and domain size are observed in the three
thicker polyisoprene copolymer films. In case of incommensurability of the
film thickness with the periodicity of the block copolymer the formation of
islands or holes is typically observed. However, for some copolymer systems,
deviations from the ideal domain size and periodicity occur in films of more

1The existence of more than one layer of domains would result in superimposed images
of the layers of domains after O2-RIE.
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Table 4.2: Number of layers (n) observed with dynamic TOF-SIMS and the deviation
from the natural film thickness (h0) for asymmetric wetting of the substrate and surface.

h[nm] n l [nm] 2r [nm] h0 [nm] (h− h0)/h0[%]

SF65/20 69 1 53 30 59 17

215 6 42 22 216 < 1

IF46/15EM14 73 3 31 15 63 16

84 4 23 11 88 5

204 8 26 14 188 9

233 11 24 12 263 8

than a few layers of domains, which is apparently less unfavorable than the
rupture of the film. [40] This seems to be the case in thin films of PI-b-PFS
block copolymer as well, which seems to exhibit a large degree of elasticity,
as appears from the deviations from the natural thickness given in Table 4.2,
ranging from 5 to 9%.

For the film thickness of 233 nm (Figure 4.7D) layers of domains are present
both near the surface and the substrate, but the ordered layering does not
propagate to the middle of the film. Since the SAXS scattering profile of a
bulk specimen of this copolymer results in sharp, well-defined higher order
peaks, it appears unlikely that this is due to the absence of long-range order.
Further, since the two blocks of the copolymer are above the Tg, rendering the
chains mobile, the absence of order in the film interior does not seem likely
to be caused by kinetic trapping. Therefore, the absence of order most likely
is the result of frustration due to incommensurability of the block copolymer
repeat length with the film thickness. The surface and substrate strongly
direct the position of the layers of domains directly next to the interfaces, and
the frustration is spread over the interior layers of domains.
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4.4 Conclusions

In thin films, amorphous low-Tg diblock copolymers self-assembled to form
well-ordered monolayers of PFS spheres, with single grain sizes larger than 1
µm x 1 µm, without thermal annealing. This significant increase in correlation
length with respect to PS-b-PFDMS or PI-b-PFDMS block copolymers renders
the amorphous diblock copolymers highly useful as self-assembling templates
for nanolithography or other functional nanostructures. The high degree of
order is attributed to a combination of chain mobility, segregation strength and
substrate and surface wetting. A study on the substrate wetting layer revealed
that the domain diameters and layer thickness in thin films of PFS copolymer
with a polystyrene or polyisoprene block were larger in films consisting of
one to three layers of spherical domains, indicating chain stretching normal
to the substrate. This stretching is thought to originate from a transition in
microdomain packing from HP arrays of domains in a monolayer, probably via
a base-centered orthorhombic to a BCC arrangement. In thicker films, a BCC
phase is adopted with the (110) plane parallel to the surface, which persists
through the entire film, including the three layers directly at the substrate.
Deviations from the natural film thickness, dictated by the asymmetric wetting
conditions of substrate and surface, are distributed over the layers of domains.
Especially in case of the polyisoprene copolymers, a highly elastic response to
incommensurability was observed, rather than the typical observed island or
hole formation. Both blocks of PI-b-PFS were found at the substrate, while
in PS-b-PFS the PFS preferentially segregated at the substrate.

4.5 Experimental

PI-b-PFS block copolymers were synthesized as described in section 3.5. PS-
b-PFS was synthesized by sequential anionic polymerization, as described for
the synthesis of PI-b-PFS. Styrene polymerizations in ethylbenzene were ini-
tiated by n-butyllithium. After completion of the styrene block, [1]dimethyl-
silaferrocenophane was added, followed by THF, for the formation of the PFS
block. Degassed methanol was added after 1 h. Passivated silicon substrates
were prepared by a 1 min dip in hydrofluoric acid, and subsequent rinsing
with H2O. Block copolymer films were immediately prepared on the passi-
vated substrates. Alkyl modified substrates were prepared by overnight vapor
phase silanization of freshly cleaned silicon wafers with octadecyltrichlorosilane
(OTS), or by storing the substrates overnight in a toluene solution of OTS (ca.
0.1 ml in 1-2 ml toluene) under a nitrogen atmosphere. Thin films were spin-
coated from 1 wt% PI-b-PFS solution in toluene on flat or topographically
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patterned silicon substrates. Cleaning of the substrates and coating of the
films were performed in a clean room. Film thicknesses ranged from 25 nm
to 40 nm, measured by ellipsometry. The films were annealed at room tem-
perature for the desired time period and subsequently either imaged directly
by AFM in the tapping mode (height and phase images), or exposed to an
oxygen plasma in a reactive ion etching (O2-RIE) setup, carried out in an
Elektrotech PF 340 apparatus. The pressure inside the etching chamber was
10 mTorr, the substrate temperature was set at 10 ◦C, and an oxygen flow
rate of 20 cm3/min was maintained. Power was set at 75 W, and the thin
films were exposed to the O2-plasma for 10 s. The morphology of the thin
films and the etched patterns was studied using a NanoScope III multimode
atomic force microscopy (AFM) instrument (Digital Instruments/Veeco), op-
erated in the tapping mode, and by scanning electron microscopy (SEM) (LEO
1550 FEG microscope). Dynamic SIMS measurements were performed using
a TOF-SIMS IV, with a 2 keV 20 nA Ar+ sputtering beam. Analysis (us-
ing non-interlace mode in case of SiO2 substrates and interlace mode on Si
substrates) was done with a 10 keV Ar+ with an additional 18O2 flooding.
Positive ions of H, CH, O, Na, Si, SiC and Fe were monitored as a function
of time. The sputter beam was rastered over a 500 µm2 area, the analysis
area was 30 µm2 centered within the sputtered area. Cooling to -100 ◦C was
possible with a cooling device in the TOF-SIMS instrument. Films of PS-b-
PFS for dynamic TOF-SIMS measurements were annealed at 150 ◦C for two
days. To identify the wetting layer at the air-interface, a 5 nm gold layer was
evaporated on the annealed film, on top of which a polystyrene sacrificial film
was placed. This PS film was prepared prior by spincoating on a clean Si wafer
and floated on H2O, and was picked up by the sample from the water surface.
The gold layer indicates the start of the film boundary during sputtering and
the sacrificial layer allows one to determine the sputter rate and to stabilize
the sputter beam. The PI-b-PFS films were cooled to -100 ◦C (well below the
Tg of the PI block) during sputtering, to ensure the polymer being below the
glass transition to prevent rearrangements during sputtering. Prior to TOF-
SIMS measurements on the films, the films were carefully checked (by optical
microscopy and AFM analysis) for the absence of terraces.
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CHAPTER 5

Graphoepitaxy

Topographic substrate features can induce ordering of block
copolymer microdomains, a process that is called graphoepi-
taxy. This chapter describes the graphoepitaxial alignment of
PI-b-PFS domains with the aim of achieving long-range order
with positional control. For this purpose, the ordering of PI-b-
PFS block copolymers in grooves of various geometry and size
was studied. On silicon substrates, the position of the domains
of the minority PFS phase directly near the sidewalls is fixed
by the symmetric wetting condition, directing the position of
domains located at larger distances from the sidewalls. Suc-
cessful positioning of the block copolymer spheres in linear and
hexagonal grooves was achieved in up to 1.3 µm wide grooves,
whereby the hexagonal grooves demonstrated 2D alignment.
In circular pits, the graphoepitaxial effect was absent. The
domains rather formed one single grain than follow the cur-
vature imposed by the groove edge. The strain imposed by
curved sidewalls was absorbed by expansion or compression of
the domains directly near the edge.

∗Parts of this chapter are accepted for publication in Small as: Roerdink, M., Hempenius,
M. A., Gunst, U., Arlinghaus, H. F. and Vancso, G. J., Substrate wetting and topologically
induced ordering of amorphous PI-b-PFS block copolymer domains.
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5.1 Introduction

Control over the orientation and registry of block copolymer domains is most
important for applications such as high density data storage, [1,2] photonic
crystals or waveguides. [3] A variety of methods have been explored over the
last years to enlarge the grain sizes in block copolymer thin films, such as
using substrate interactions, [4,5] directional solvent evaporation [6–8] and crys-
tallization [9] or topographical patterns. [10–14] The use of substrate topographic
features to induce positional ordering has been referred to as graphoepitaxy.

The term graphoepitaxy was first applied to the ordering in thin films of
solid materials and mesophases, such as liquid crystals, induced by artificial
surface patterns. [15–17] Substrate induced ordering was recognized to consist
of two categories: one that depends on orienting faceted microcrystals that
are mobile within the medium of crystallization and one consisting of trans-
lationally immobile material. [17] The main difference between both categories
is that in the first case of mobile microcrystals, the surface grating structures
should be larger than the microcrystalline size. In case of a material with im-
mobile grains the spatial period of the substrate structures should be smaller
than the grain size that would naturally develop. The orientation can occur
by for instance nucleation, during film growth (through preferential growth or
reorientation during growth, or coalesence) or by solid state recrystallization.
The mechanism behind the ordering effect was based upon considerations of
minimization of the interfacial tension. In case of for instance liquid crystals,
the interfacial tension is anisotropic, therefore a minimum in interfacial free
energy and elastic-strain energy corresponds to a preferred orientation.

Topographically induced order of the ‘mesophase’ block copolymer do-
mains has been first described by Kramer and coworkers, who demonstrated
surface induced ordering in thick films of PS-b-PVP up to microns perpen-
dicular to the surface, [18] although the in-plane ordering was short-ranged.
In-plane order was shown to be obtained using topographically structured
substrates on which thin films consisting of one monolayer of domains were
cast, resulting in single grains of domains in the wells and on top of the mesas
that extended over microns. [11,19,20] This work of Segalman, Kramer et al. on
the templating effect of edges on domain ordering in block copolymer thin
films was the first example of graphoepitaxy with amorphous block copoly-
mers. Another study of graphoepitaxy was reported by Cheng, Ross, Vancso
et al., aligning domains of poly(ferrocenylsilane) in a polystyrene matrix. [21,31]

The domains registered with the groove edges up to 12 rows, after which the
order broke down. Incommensurability of the groove width with the ideal
number of rows was adjusted by changes in the inter-row spacing (stretching
or compressing) or changes in domain size directly near the edges. The regis-



5.2 Graphoepitaxy with PI-b-PFS 69

tration of domains in grooves with modulated widths was described in terms
of elastic strain, [22] which enabled prediction of the occurrence of a constant
number of rows despite groove width modulations as well as the controlled
addition or omission of one or more rows, for given groove widths. Although
the system described by Cheng has a high tolerance to imperfections in tem-
plating geometry or edge roughnesses, [22,23] a maximum number of 11 to 12
rows could be successfully guided by templated grooves.

The orientational effect of silica substrates on spherical domains in thin
films of PS-b-PFS was attributed to the presence of a PFS brush layer at the
substrate, which was suggested by dynamic SIMS data and by the decrease of
groove width by twice a brush layer thickness after spincasting a film. [21,24] The
difference in substrate wetting between PS-b-PFS and PI-b-PFS as discussed
in Section 4.3 presents a qualitatively different situation for the graphoepitax-
ial templating of domains along edges with PI-b-PFS block copolymer. The
natural occurring grain size in PI-b-PFS is significantly larger compared to the
grain size in for instance PS-b-PFS. Since achieving alignment by graphoepi-
taxy is limited by the natural grain size, the topographically induced order in
PI-b-PFS is studied since one would expect a significant increase in the area
that can be aligned successfully.

5.2 Graphoepitaxy with PI-b-PFS

Several experiments on graphoepitaxy with PI-b-PFS block copolymers were
carried out to study the effect of pit geometry. Substrates with linear, circular
and hexagonal grooves and pits with dimensions of approximately 300 nm, 500
nm, 800 nm, 1 µm and 1.5 µm were used, prepared by E-beam lithography.
In Figure 5.1, a typical substrate is shown. Three amorphous PI-b-PFS block
copolymers were used. The characteristics of these polymers are listed in Table
5.1.

The substrate wetting differs between PS-b-PFS and PI-b-PFS, as dis-
cussed in Section 4.3, and therefore the graphoepitaxy alignment of the mi-
crodomains in PI-b-PFS block copolymers was studied next. The polymer at
the mesa directly next to the side-walls flows into the grooves immediately
after spincoating. The area around the grooves is therefore depleted from
polymer, except for a brush layer of adhered chains, as can be seen from re-
maining contrast in both SEM as AFM phase images. Probably, the rapid
transport of material into the grooves proceeds over this adhered brush. [25]

This necessitates adjusting the amount of material spincoated with the groove
depth and groove width.

Figure 5.2 shows three linear grooves with a depth of 50 nm. The initial
film thickness of the block copolymer was about 30 nm. In the smallest groove
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Figure 5.1: SEM images of a typical substrate patterned by E-beam lithography. A
pattern consisting of circles, hexagons and lines with different dimensions is written 10 or
more times on a resistive resin layer and subsequently developed and etched into a silicon
wafer (A). The groove widths are typically around 300 nm, 500 nm, 800 nm, 1 µm and
1.5 µm (B). See also Figure C.6.

Table 5.1: Characteristics of the polymers based on GPC and 1H NMR analysis.

Mn
a Mw

a Mw/Mn
a PFSb EMc

[kg/mol] [kg/mol] [vol%] [mol%]

IF35/11EM11d 45 47 1.04 18 11

IF44/15EM14d 58 62 1.06 20 14

IF47/13EM45d 60 62 1.02 16 45

aMeasured by GPC, relative to polystyrene standards. bCalculated from
ferrocenyl and polyisoprene 1H NMR integrals. cCalculated from ethylmethyl
and dimethyl 1H NMR integrals. dNotation for PI-b-PFS, with the indication
of the Mn of the PI and the PFS block, respectively, and EM mol%.

(top) directly near the groove edges, the domains are of irregular shape and in
close proximity, even merging together to wormlike domains. Away from the
edges, the domains are spherically shaped and hexagonally packed, and the
rows are aligned with the groove walls. Too much material has accumulated
directly near the walls. In the wider groove (middle), this is not observed,
but the domains in the middle of the groove are smaller and spaced further
away from each other. In the widest grooves (bottom), the groove could not
be filled completely with a monolayer of domains and on the left side of the
image a hole is observed in the middle of the groove. In hexagonal and circular
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pits the sidewall-to-volume ratio is higher than in the case of linear grooves,
resulting rather in overfilled than underfilled pits, as in case of linear grooves.

Figure 5.2: SEM images of IF35/11EM11 block copolymer in linear grooves of 800
nm (top), 1 µm (middle) and 1.3 µm (bottom) width. The films were exposed to an
O2-RIE plasma before imaging. See also Figure C.7.

Figure 5.3 shows PFS domains in linear grooves after O2-RIE exposure,
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to remove the organic PI phase. There are 38 rows accommodated in the 1.1
µm wide groove, aligned parallel to the groove edge. In grooves of up to 1.3
µm, alignment is observed, but in wider grooves the alignment is lost, as in
the 2.2 µm wide groove in Figure 5.3 (right). The number of rows aligned in
the grooves exceeds by far the number of rows that could be aligned in case
of PS-b-PFS (12 rows [22]). The width of the grooves that can successfully
guide block copolymer domains for PI-b-PFS is comparable to the grain size
of the polymer on flat substrates, as expected. Therefore, there is apparently
no qualitative difference in topographically induced ordering of block copoly-
mer domains based on symmetric or asymmetric wetting of the substrate. A
recent work on cylindrical microdomains in a PS-b-PMMA block copolymer
film on topographically patterned substrates that were covered by a neutral
brush agrees with our findings. [14]

Figure 5.3: AFM-TM phase images (z-range is 30◦) of IF35/11EM block copolymer
in a linear groove of 1.1 µm (left), with all 38 rows of domains aligned parallel to the
groove edges, and in a 2.2 µm wide groove with no particular alignment of the domains
(right). The films were exposed to an O2-RIE plasma before imaging.

Figure 5.4 shows two rectangular groove endings. Next to all three side-
walls, rows align parallel to the edge, but the two parallel side-walls dominate
the overall ordering. The 90◦ angle is incommensurate with the hexagonal
packing of domains. The result is a semicircular row of dislocations perpen-
dicular to the grooves length, located close to the end of the 300 nm wide
groove. The row of dislocations was found to advance more to the interior of
the groove for wider grooves (not all shown here). The grain boundary formed
by the dislocations absorbs internal stresses induced by the incommensura-
bility between the 90◦ sidewall and the block copolymer lattice and tends to
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minimize its length, resulting in the semi-circular shape observed.

Figure 5.4: TM-AFM height images (z-range is 20 nm) of alignment of PFS domains
in square corners of grooves with widths of 300 nm and 1.3 µm. The IF35/11EM11
films were exposed to an O2-RIE plasma before imaging. The corresponding Voronoi
representations are shown at the right hand side. See also Figure C.8.

The combination of wall-induced alignment and large-area correlation is
expected to be optimal in hexagonal grooves that match the HP lattice of the
copolymer. In series of hexagonal pits with different widths we observed single
grains where the block copolymer matched its grain lattice to the angle of reg-
istration of 120◦. In the smaller hexagonal pits, variations in row spacing and
domain size were observed close to the edges. Figure 5.5 shows a SEM image
of the largest hexagonal groove of approximately 1.3 µm. The domains are
aligned with respect to the six side-walls over the entire groove, resulting in a
2-D ordering over a 1 µm2 area. No apparent differences in domain sizes or
row spacings near the edges are observed, indicating that deviations from in-
commensurability are distributed more easily over a large number of domains.
The hexagonal grooves open up the possibility of accurate positioning of the
domains, since one single domain is located in each corner, as shown in Figure
5.6.

The results on ordering in linear and hexagonal grooves suggest that the
ordering mechanism is a combination of the aligning effect of the wall and
the interaction between microdomains over a correlation length that extends
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Figure 5.5: SEM image of PI-b-PFS block copolymer in a 1.3 µm wide hexagonal
groove, and the corresponding Voronoi representation of the domains. The film was
exposed to an O2-RIE plasma before imaging. See also Figure C.9.

Figure 5.6: AFM-TM phase image (z- range is 30◦) of domains in a 120◦ corner. One
domain is located exactly in the middle of the corner, allowing for precise positional control
of the domains over the entire hexagon (left). TM-AFM height image (z-range is 30 nm)
of a PI-b-PFS block copolymer thin film in a circular pit (right). The IF47/13EM45 films
were exposed to an O2-RIE plasma before imaging.

over larger areas. An interesting case is therefore presented by the study of
graphoepitaxial alignment in a series of circular pits with varying radii, and
therefore varying curvature. Figure 5.6 (but also Figure 5.8) shows a typical
example of PFS domains in a circular pit with a diameter of 300 nm. Although
the row directly next to the edge follows the curvature, the other rows are not
aligned with respect to the edge, but organize in one or few well-ordered grains,
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independent of the side-wall. The block copolymer system adjusts to the side-
wall curvature by a strong compression or expansion of the row spacing and
strong variation in the domain size directly near the side-wall. The absence of
alignment is in contrast to the directing effect of the side-walls in linear and
hexagonal grooves. This displays the considerable ability to absorb stress by
local adjustments, and demonstrate the high degree of elasticity in the phase-
separated PI-b-PFS, that was also found in the response to incommensurate
film thickness. The degree of curvature of the side-wall in circular pits does
not play a role in the absence of alignment of the domains, as can be seen in
Figure 5.8 for a number of pits with different diameter.

As discussed in section 4.3, PFS preferentially wets the thick silicon oxide
layers, whereas on silicon there is no preference of PI or PFS blocks for the
substrate. On flat substrates, long-range order was observed both on silicon
and silica. On topographically patterned silica substrates, sidewall-induced
ordering of PI-b-PFS is mostly absent, not extending to more than two to
three rows directly near the edges. In addition, a coexistence of spherical and
cylindrical morphology occurred often on silica substrates, as shown in the
SEM images in Figure 5.7, which was not observed on silicon substrates.

Figure 5.7: SEM images of IF44/15EM14 block copolymer in hexagonal and circular
pits on silica substrates. The films were exposed to an O2-RIE plasma before imaging.
See also Figure C.10.



76 Chapter 5. Graphoepitaxy

Figure 5.8: Series of IF44/15EM14 block copolymer in circular pits with diameters of
A) 300 nm, B) 500 nm, C) 800 nm, D), 1 µm and E) 1.3 µm and its Voronoi representation
(F). The films were exposed to an O2-RIE plasma before imaging. See also Figure C.11.



5.3 Conclusions 77

5.3 Conclusions

Results of graphoepitaxial experiments with amorphous PI-b-PFS block co-
polymers in differently shaped grooves were presented. Successful alignment
was achieved as long as the groove width did not extend beyond the natural
grain size of the copolymer, which in case of PI-b-PFS is between 1 and 2 µm.
2D alignment was achieved in hexagonal grooves, where the HP coordination
axes are registered with the side-walls. A complete mismatch between the HP
ordered microdomain and the side-walls, as in case of circular pits, resulted
in a complete absence of edge-induced order beyond more than one row of
domains. The copolymer rather formed a single grain and absorbed the stress
induced by the side-walls by variation in the domain sizes and row spacings
near the edge. The results demonstrate that there appears to be no qualitative
difference between asymmetrical or symmetrical wetting of the substrate in
graphoepitaxy. This demonstrates that the nature of the substrate wetting is
not a key issue in graphoepitaxial alignment of microdomains.

5.4 Experimental

Patterned substrates were prepared by electron beam lithography and optical
lithography. Series of lines, circles and hexagons were patterned on the wafers.
After resist removal, the wafers were cleaned in fuming nitric acid (100%) for
10 min and in boiling nitric acid (70%) for 10 min to destroy any residual
organic material. Thin films were spin-coated from 1 wt% PI-b-PFS solution
in toluene on flat or topographically patterned silicon substrates. Cleaning of
the substrates and coating of the films was performed in a clean room. Film
thicknesses (measured on flat areas of the substrates) ranged from 20 nm to 30
nm, established by ellipsometry, so as to yield a film with only one monolayer
of microphase separated spherical domains in the grooves. The films were an-
nealed at room temperature for approximately 20 h and subsequently exposed
to an oxygen plasma, carried out in an Elektrotech PF 340 apparatus. The
pressure inside the etching chamber was 10 mTorr, the substrate temperature
was set at 10 ◦C, and an oxygen flow rate of 20 cm3/min was maintained.
Power was set at 75 W, and the thin films were exposed to the O2-plasma for
10 s. The morphology of the thin films and the etched patterns was studied
using a NanoScope III multimode atomic force microscopy (AFM) instrument
(Digital Instruments/Veeco), operated in the tapping mode, and by scanning
electron microscopy (SEM) (LEO 1550 FEG microscope).
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CHAPTER 6

Poly(ferrocenylsilane-b-lactide)

block copolymers

A block copolymer of PFS with a polar poly(D,L-lactide)
(PLA), biodegradable block was synthesized and studied, to
probe the effect of strong substrate interactions on pattern
formation in thin films. Successful synthesis of PFS-b-PLA
was demonstrated, which constitutes to our knowledge the first
example of a block copolymer with an organometallic block
and a biodegradable organic block. Thin films of these poly-
mers phase separate to form PFS microdomains in a PLA ma-
trix. Additionally, for ultra thin films (< 5 nm) substrate
induced patterns (SINPATs) formed. The SINPATs consisted
of strongly surface-adsorbed PLA blocks on top of which the
PFS blocks dewetted into sphere-like features, with diameters
of around 20 nm. The lateral spacing between these features
is regular, and is typically larger than the length-scale asso-
ciated with block copolymer phase separation. Two distinct
types of patterns are thus accessible with these block copoly-
mers through substrate interactions and film thickness. These
patterns might serve as templates in the fabrication of func-
tional nanoplatforms.

∗Parts of this chapter are included in: Nanopatterning with polyferrocenylsilane-block-
polylactide block copolymers. Roerdink, M., van Zanten, T. S., Hempenius, M. A. and
Vancso, G. J., o be submitted.
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6.1 Introduction

Polymer-substrate interactions have been shown to strongly affect the mor-
phology in thin block copolymer films. Specific interactions between one block
and the substrate or surface dictate preferential wetting or dewetting and thus
the thickness commensurability and morphology. The block copolymers stud-
ied in the previous chapters, PI-b-PFS and PS-b-PFS, demonstrated different
substrate wetting, but consisted nonetheless of two apolar blocks with a small
difference in interfacial energy. Many examples exist of studies on thin films of
block copolymers with a polar and apolar block. [1–4] The difference in polarity
suggests a larger enthalpic contribution to the phase segregation in compar-
ison with the systems studied by us so far. We were interested in studying
the effect of an increased segregation strength on thin film morphology, in
particular the effect on ordering of the microdomains. Further, regarding the
discussion of the importance of substrate wetting in graphoepitaxy, it is of
interest to know if a strong preferential interaction of one of the blocks affects
the ability of guided assembly of the domains on the substrate.

Large-area lateral ordering in a block copolymer with a strongly polar
block and an apolar block, PS-b-poly(2-vinylpyridine) (P2VP), was demon-
strated by Segalman et al. [1] on topologically patterned substrates. Ordering
on the mesas and in the grooves extended over widths of 4.5 µm in thin films
of about one monolayer thickness. The copolymer formed a brush layer on the
substrate, with P2VP located directly at the substrate. Spatz et al. [2–4] re-
ported on so-called ultrathin monomolecular PS-b-P2VP films. In these films,
a brush could not be formed due to the extremely low surface concentration of
polymer that was too low to ensure a homogeneous film without severe devia-
tion from the equilibrium shape. The P2VP blocks adsorbed on the substrate
(mica was used, but similar observations were made on hydrophilic GaAs and
silicon wafers), and stretched to about five times their radius of gyration in
the unperturbed state. The PS block dewetted the P2VP block, forming clus-
ters with diameters and lateral spacings tunable by the block lengths (see
Figure 6.1). The lateral phase separation thus obtained is much larger than
the typical microdomain phase separation and constitutes another approach
to periodic arrays of domains on the nanoscale. The structures were used
for nanolithography by preferential deposition on the PS clusters, which en-
abled the selective removal of the P2VP and transfer of the pattern into the
underlying substrates. [4]

Successful sequential anionic polymerization to form block copolymers re-
quires equal or greater basicity of the carbanion of the first block compared to
the resulting propagating chain end.1 Tuning of the basicity of the living end

1pKa of the initiating carbanion ≥ resulting carbanion
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Figure 6.1: Clusters formed by block A dewet onto block B that is strongly absorbed
to the substrate.

can be done by end-capping with an appropriate endgroup, thus forming a
macroinitiator that can initiate the next block. PFS containing block copoly-
mers with relatively polar blocks, such as poly(methacrylates) have been ob-
tained using hydroxyl-functional initiators or end-cappers for the PFS blocks.
These could be used directly for the growth of a poly(N,N -dimethylaminoethyl
methacrylate) block [5] or be derivatized to an atom transfer radical polymer-
ization (ATRP) initiator for growing a poly(methyl methacrylate) block. [6]

Other end-capping strategies have also led to PFS-b-PMMA block copoly-
mers using an all-anionic polymerization approach. [7,8] The self-assembly of
PS-b-PMMA in thin films was described and demonstrated a typical, but not
well-ordered block copolymer morphology. In a block-selective solvent, cylin-
drical micelles were formed. [9]

The choice of the second block was intended to be such that next to a
difference in polarity, an additional functionality could be introduced. PLA
is obtained by polycondensation of hydrocarboxylic acids, or by ring-opening
polymerization (ROP, see Figure 6.2) of cyclic esters. [10] These polymers are
biodegradable through enzymatic degradation or through hydrolysis, where
the rate of hydrolysis depends on the microstructure, [11] pH, [12] or tempera-
ture. [11,12] During degradation, the pharmacological inactive substance lactic
acid is formed, which is absorbable by the body or removable by metabolism. [13]

Thin films of diblock copolymers of PLA have been reported with polyiso-
prene, [14] poly(ethylene-alt-propylene), [15] polystyrene, [16] and poly(4-fluoro-
styrene) [17] to create nanoporous material [18] or nanolithographic templates
for magnetic nanodots through the hydrolytic degradation of the PLA phase. [19]
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Figure 6.2: Polylactic acid from the cyclic lactide mononer.

Block copolymers of PFS and an aliphatic polyester poly(lactic acid) (PLA)
have not been reported, but offer, through the biodegradability in combination
with the organometallic block, novel options for the fabrication of nanosized
patterns. This chapter describes the synthesis of a PFS-b-PLA diblock copoly-
mer, using a two-step living polymerization process, and a study of its thin
film behavior.

6.2 PFS-b-PLA synthesis

PFDMS-b-PLA block copolymers were synthesized, where the organometal-
lic block was prepared by anionic polymerization and hydroxypropyl end-
functionalized, to serve as a macroinitiator in the catalyzed ring-opening poly-
merization (ROP) of D,L-lactide monomers. The macroinitiator was end-
capped by adding 3-(tert-butyldimethylsiloxy)propyldimethylchlorosilane to
the living PFS ends, as described by Korczagin et al. [6] The ROP to form the
polylactide block proceeded in the presence of a Sn(II) or Zn(II) catalyst. This
type of polymerization has a pseudo-anionic character and is often referred to
as a coordination-insertion ROP. [20,21] The mechanism of the growth of the
PLA block is schematically depicted in Figure 6.3.

The thus obtained block copolymers were characterized by 1H NMR spec-
troscopy and GPC. The 1H NMR spectra of the macroinitiator with the pro-
tecting tert-butyl trimethylsilyl ether end-group 1, macroinitiator with the
hydroxypropyl group 2, and the PFS-b-PLA diblock copolymer 3 are shown
in Figure 6.4. The degree of polymerization can be obtained from the ratio
of the integral of the singlet at 0.208 ppm, associated with the dimethylsi-
lyl moiety at the n-butyl initiated side (a), and the singlet at 0.46 ppm that
originates from the dimethylsilyl units in the polymer backbone (b). Depro-
tection of 1 with diisobutylaluminium hydride to 2 is accompanied by a shift
of the signal associated with the dimethylsilyl moieties at the functionalized
end of the copolymer from 0.218 ppm to 0.238 ppm (d). The singlet resulting
from the tert-butyl groups at a chemical shift of 0.900 disappears accordingly
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Figure 6.3: Mechanism of ring-opening polymerization of D,L-lactide with stanneous
actoate. Adapted from ref. [21]
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Figure 6.4: 400 MHz 1H NMR spectra of the protected macroinitiator (1), the
macroinitiator (2), and the PFS-b-PLAdiblock copolymer (3). The zoomed in sec-
tions show the dimethylsilyl signals at the n-butyl side at δ = 0.238 (a) and at the
hydroxypropyl-functionalized side at δ = 0.208 (d).

(e). The degree of end-functionalization was determined from the ratio of
dimethylsilyl signals of the end-functionalized side and n-butyl side. The ef-
ficiency for end-functionalization was typically around 65%. An efficiency of
less than 100% was likely caused by the presence of impurities in the end-
capper reactant. These impurities can be removed by treating the endcapper
reactant with 10-20 mol% of sec-butyllithium. [22] This resulted in an efficiency
for end-functionalization of more than 95%. The remaining 5% of unfunction-
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alized PFS could easily be removed by column chromatography, leading to
100% hydroxypropyl end-functionalized PFS.

The PFS-b-PLA 3 shows characteristic multiplets from PLA at chemical
shifts of 1.59 ppm (f) and 5.16 ppm (g). Conversion after ROP was determined
before precipitation in methanol by comparing the signals of the PLA block
with the relative amount of unreacted monomer that shows peaks at chemical
shifts of 1.68 ppm and 5.02 ppm.

A two dimensional COSY spectrum of the PFS macroinitiator is shown in
Figure 6.5. The three scalar couplings (Ja,b, Jb,c, and Jc,d) that originate from
the n-butyl group and the three scalar couplings (Jj,k, Jk,l, and Jl,m) from the
end-functionalized side are indicated in the spectrum. With the aid of this
COSY spectrum, the 1H NMR spectrum of the macroinitiator could be fully
assigned.

Table 6.1: Molecular characteristics of the synthesized diblock copolymers.

Name Mn
a Mn

b Mw
b Mw/Mn

b PFSa Mw/Mn Mw/Mn

[kg/mol] [kg/mol] [kg/mol] [vol%] PFSb PLAd

FL7/17e 23 13 26 2.00 28 1.32 2.51

16c 29c 1.84c

FL8/34f 41 39 56 1.41 19 1.32 1.62

FL7/27f 34 25 45 1.78 21

aMeasured by 1H NMR. bMeasured by GPC in THF, relative to polystyrene
standards. cMeasured by GPC in chloroform, relative to polystyrene standards.
dCalculated using Equation 6.1. ePrepared with the Sn-catalyst. fPrepared with
the Zn-catalyst.

The characteristics of the PFS-b-PLA diblock copolymers obtained by
NMR and GPC are summarized in Table 6.1. The nomenclature of the differ-
ent polymers in Table 6.1 will be used throughout the chapter and is based on
the 1H NMR measurements. FL 7/17, for example, is a PFS-b-PLA copoly-
mer consisting of a PFS (F) block with a molar mass of 7 kg/mol and a PLA
(L) block with a molar mass of 17 kg/mol.

The apparent molar masses obtained by NMR and GPC differ. The GPC
results depend on the compatibility of the individual blocks with the solvent
which is used. A higher molar mass is obtained in chloroform compared to
THF, due to the better solubility of the majority block PLA in chloroform, pre-
sumably resulting in an increased expansion of the PLA block. Since the two
blocks are synthesized in independent polymerization steps, the polydisper-
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sity of each block contributes to the polydispersity of the PFS-b-PLA diblock
copolymer according to

PDIPFS-b-PLA = (PDIPFS − 1)wPFS
2 + (PDIPLA − 1)wPLA

2 + 1 (6.1)

where PDIPFS-b-PLA is the polydispersity of the overall diblock copolymer and
PDIi and wi are the polydispersity and weight fraction of each respective
block. [23] The conversion of PLA monomer units during the ROP and the
polydispersity of the PFS-b-PLA diblock copolymer was found to be lower
when using the Zn(II) catalyst, compared to the Sn(II) catalyst. However, the
Zn(II) catalyst is, on the small scale of the polymerization employed (10−4 mol
living chain ends), extremely sensitive to impurities. Clean glassware, a fresh
catalyst solution and a freshly recrystallized PLA monomer batch resulted in
successful ROP with the Zn(II) catalyst.

The PFS-b-PLA block copolymers show a glass transition at 20 ◦C for the
PFS block and at 36 - 44 ◦C for the PLA block, and are therefore glassy at
room temperature. The PFDMS block constitutes a semi-crystalline block,
and crystallization can be expected at temperatures above the glass transition
of both blocks. To assess the degree of crystallization, isothermal crystalliza-
tion was allowed for up to 2 hours at various temperatures using differential
scanning calorimetry (DSC). However, only isothermal crystallization at 70 ◦C
yielded a small endothermic peak associated with melting of crystals around
120 ◦C. Isothermal crystallization at other temperatures (90 ◦C - 100 ◦C)
did not result in observable melting transitions. The distinct difference in
blocks apparently traps configurational rearrangements of the chains at the
block-block interface, which restricts the mobility in the PFS microdomain as
well.

6.3 Bulk morphology

Monitoring the storage and loss moduli (G′ and G′′) as a function of tem-
perature provides information on thermal transitions in the block copolymer,
such as the order-disorder transition. The order-disorder transition (ODT)
temperature is an indication for the strength of the phase segregation. Strong
phase separation between PFS and PLA is expected, due to the chemical con-
trast between the polar PLA and the apolar PFS. Another indication of strong
phase separation is that PS-b-PLA was found to be in the strong segregation
regime. Since PFS and PS have similar solubility parameters, PFS-b-PLA can
also expected to be in the strong segregation regime. [18,24]

Figure 6.6 shows a plot of the storage and loss moduli versus temperature
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Figure 6.5: COSY spectrum of the hydroxypropyl-terminated macroinitiator. The
characters are associated with the different protons of the macroinitiator and their re-
spective 1H NMR peaks in the upper frequency plot. The cross signals that deviate from
the diagonal represent the couplings originating from the initiator side (here indicated be-
low the diagnonal) and from the end-functionalized side (indicated above the diagonal).
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for a bulk sample of FL7/17 which was heated from 100 ◦C to 250 ◦C at 0.25
◦C/min.

Figure 6.6: The change in loss (�) and storage (◦) modulus of FL7/17 upon increasing
the temperature, as observed by means of dynamical mechanical measurements. (A) The
first run and (B) the second run after cooling.

The first drop in both the loss and storage modulus at 136 ◦C (inflection
point) is most probably due to an order-disorder transition. Based on DSC
measurements, possible melting of the PFS microdomains is discarded. At
215 ◦C both moduli increase again. This is unexpected but might be due
to transesterfication reactions at these temperatures, resulting in high mod-
ulus network-like structures. The much higher initial moduli in the second
heating run (Figure 6.6B) can be taken as a good indication for a chemical
transformation, such as transesterfication.

Thermogravimetrical analysis on PFS-b-PLA block copolymers indicated
mass loss of the PLA block at temperatures of 230 ◦C and higher.2 Hillmyer
and coworkers [27] have reported similar observations on the chemical stability
of PLA in block copolymers when annealing at temperatures above 150 ◦C.

To complement the dynamic mechanical measurements, SAXS measure-
ments were performed to determine the bulk morphology and find temperature-
dependent morphology transitions. Unannealed samples did not show higher
order peaks, reflecting the necessity of an annealing step. Annealing at 90
◦C resulted in the azimuthally averaged intensity plot and the corresponding
Fourier transform shown in Figure 6.7.

The first well-defined intensity maximum denotes the presence of period-
icity, corresponding to a d -spacing of 26.4 nm. The two broad shoulders in
the intensity indicate higher order, although ill-defined. This specific sample

2Thermogravimetry analysis (TGA) showed 5% and 10% weight loss of PLA (Mw of
35 k) at 230 ◦C and 290 ◦C, respectively. For PFS-b-PLA, 5% and 10% weight loss was
observed at 275 and 290 ◦C, respectively.
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Figure 6.7: Small angle X-ray scattering (SAXS) profiles of FL8/34 annealed for five
h at 90 ◦C with a d-spacing of 26.4 nm. The figures show some higher order reflections,
although ill-defined. The arrows in the right profile indicate the

√
2 −

√
7 relative peak

positions for a BCC morphology.

was, after annealing 10 min at 150 ◦C to melt crystalline areas, annealed for 5
hours at 90 ◦C, to obtain thermodynamic equilibrium. Apparently, the degree
of order in this block copolymer is very short-ranged in the bulk, even upon
annealing.

Specimens annealed for 2 days at 150 ◦C (above or around the ODT, as
determined from rheology) showed a broadening of the first intensity maxi-
mum, as well as a shift of the position of this maximum to higher d-values.
GPC measurements indicated an increase in the number average molar mass
and in the polydispersity (see Table 6.2). Since PFS is known to be stable up
to high temperatures, the increase in polydispersity is assigned solely to the
PLA block. According to Equation 6.1, the polydispersity of the PLA block
can be calculated to increase from 1.6 to 3.7. This increase in the molar mass
distributions arises from chemical changes in the backbone upon annealing at
this temperature. Most probably chain scission takes place, resulting in the
lower number average molar mass Mn. The relatively small decrease in the
weight average molar mass Mw compared to Mn, and the strong increase in
the polydispersity of the PLA blocks are due to transesterfication reactions of
the cleaved PLA chains. Furthermore, the onset of macrophase separation is
observed in SAXS.

To determine the ODT temperature, SAXS profiles were taken during
heating runs. Arrangement of these profiles at the different temperatures re-
sulted in the 3D plot shown in Figure 6.8. Before the SAXS measurement,
the FL8/34 bulk sample was annealed for 48 h at 150 ◦C, but specimens
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Table 6.2: Molar mass and polydispersity of the FL8/34 diblock copolymer after
vacuum annealing for 48h at 150◦C.

Time at 150 ◦C Mn Mw Mw/Mn

h [kg/mol] [kg/mol]

0 39 56 1.41

48 18 51 2.80

annealed at lower temperatures or unannealed showed similar results. The
low temperature shoulders became more vague around 160 ◦C, which suggests
the occurrence of an ODT. However, two broad maxima reappear at higher
temperature, though shifted to lower q and thus higher d-spacing. As argued
before, this can be caused by the onset of macrophase separation, caused by
chain scission and transesterfication of the PLA blocks. The chain scission
seems to be a gradual process at these temperatures, as the associated do-
mains slowly increased in size. The scattering signal completely disappeared
at temperatures above 250 ◦C, due to complete degradation of the PLA ma-
trix. To illustrate the difference at the starting and end temperature, the first
and the last scattering profiles of Figure 6.8 are shown separately in Figure 6.9,
demonstrating the change in morphology of the block copolymer upon heating.

An ODT typically leads to the disappearance of higher order peaks and
a sharp drop in the intensity of the first peak. However, due to the chain
scission processes that occur, an order-disorder transition cannot be identi-
fied anymore as such since the sample consists of ill-defined block copoly-
mer and homopolymer. The SAXS scattering profiles at higher tempera-
tures are the result of phase separation of the remaining chemically modi-
fied block copolymer (possibly with very different solubility parameters than
the initial block copolymer) and possibly macrophase separation of formed
homopolymer.

The ODT temperatures observed for the polymers are slightly lower, but
comparable to values reported for ODT temperatures in PS-b-PLA, which
were around 165 ◦C for polymers with cylindrical morphology and similar
molar mass. [18]
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Figure 6.8: Dynamic SAXS scattering patterns at temperatures from 45 ◦C to 250
◦C. The heating rate is 10 ◦C/min.

Figure 6.9: Two SAXS patterns taken during a heating scan of FL8/34, showing the
scattering profile at 45 ◦C (A) and at 250 ◦C (B). The insets show Kratky-plots (q2I(q)
versus I(q)) at low values of q.
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6.4 Thin film morphology

A thin film morphology study can help to elucidate the bulk morphology. The
SAXS data indicated, in conjunction with the volume fraction determined from
1H NMR, a BCC morphology for FL8/34. Nevertheless, due to the absence
of well-defined higher order peaks such a conclusion remains suggestive. The
morphology in thin films of PFS-b-PLA clearly indicated microscopic phase
separation (Figure 6.10B and C), confirming the restricted phase separation
and thus confirming the successful block copolymerization, as opposed to the
macroscopic phase separation in a blend of homopolymers (hPFS, and hPLA)
with similar molar mass (Figure 6.10A).

Films of FL7/17 (φPFS = 0.28) and FL8/34 (φPFS = 0.19) show a mixed
cylindrical and spherical thin film morphology and a spherical morphology,
respectively. The high polydispersity (PDI = 1.998) of FL7/17 is most proba-
bly the reason for the occurrence of both cylinders and spheres, by promoting
locally the crossing of the order-order transition. The spherical morphology
observed for FL8/34 agrees with the morphology established by SAXS. How-
ever, due to strong substrate interactions, thin film morphologies can differ
from the bulk. This needs to be considered when comparing the thin film and
the bulk morphology.

Thin films were prepared on mica, silicon with native oxide, and on a
silanized silicon surface. The thin PFS-b-PLA films on silanized (with octa-
decyltrichlorosilane) silicon did not remain the surface during spincoating,
indicating unfavorable surface interactions between the alkyl chain on the
substrate surface and the PFS or PLA chains. The small amount of diblock
copolymer that remained on the surface agglomerated in droplike domains.
The contact angle on these silanized surfaces was ∼80◦ (implying only partial
covering of the substrate with self-assembled monolayer). The polar PLA
block is expected to preferentially wet the native oxide layer of silicon, silica,
and possibly adsorb strongly to the more ionic surface of mica. Based on the
surface tension of PFS (γ = 33 mN/m [25]) compared to the surface tension
of PLA (γ = 36.6 - 41.1 mN/m [26]), PFS is expected to wet the free surface
of the thin films. However, SIMS indicated the presence of repeating units
of the PLA polymer backbone at the surface (Figure 6.11). Apparently, the
segregation of the minority PFS block at the surface, which would involve
chain stretching and a severe distortion from the spherical equilibrium shape,
results in a higher free energy penalty than the energy gain on surface wetting
by the lower interfacial tension block. Thus, both phases are expected at the
surface.
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Figure 6.10: Height and phase AFM images of thin films made from a blend of F20
with L35 (φPFS = 0.20), annealed for 12h at 150 ◦C (A), of a thin film made from
FL7/17 (φPFS = 0.28) (B) and FL8/34 (φPFS = 0.19) (C). The block copolymer films
were annealed at 150 ◦C for 36h. The z-range for the phase images is 40◦. For the height
images: 40 nm for (A) and 10 nm for (B) and (C).
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Figure 6.11: SIMS spectrum of a 182 nm thick film showing the negative secondary
ions from PLA. Not only C3 units of the backbone are ionized but also dimers (C6, n=2),
trimers (C9, n=3) etc. units.

Block copolymer films that are incommensurate with a specific film thick-
ness will form relief structures that locally have a commensurable height. A
dewetted ultra thin film of FL8/34 on mica (film thickness ∼10 nm) showed
such relief structures (Figure 6.12). Cross-sectional analysis of the height im-
age indicated step heights of ∼15 nm, 33 nm and 43 nm, suggesting stable
films for these film thicknesses.

Figure 6.12: AFM-TM height (z-range is 80 nm) and phase (z-range is 10◦) images
of a dewetted FL8/34 thin film on mica, showing step heights of 14.7 nm (red), 33.3 nm
(green), and 42.3 nm (black). The image width is 5 µm. See also Figure C.12.
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Films with a thickness of 15 nm or 42-45 nm were stable upon annealing,
as expected. However, 30 nm thick films became unstable upon annealing at
150 ◦C for 48 h, that is the obtained films were not flat. The commensurable
film thicknesses agree with a wetting of substrate and surface as depicted in
Figure 6.13 and can be described by h = (n + 0.5) L0, where L0 is the d-space
obtained from SAXS, and n is an integer.

Figure 6.13: Schematic of the proposed wetting of the PLA block of a hydrophilic
substrate (silicon oxide, mica) and wetting of PFS and PLA at the free surface. The
natural film height is (n + 0.5)L0.

Similar to the SAXS observations, temperature and annealing time proved
to be of importance for the size of the domains in 45 nm films. The domain size
changed considerably with annealing time at 150 ◦C and was approximately
doubled after 48 hours (Figure 6.14). In contrast, no increase in domain
size was observed in 15 nm thick FL8/34 films (Figure 6.15). After 30 min
annealing at 150 ◦C, the morphology of the film did not change further.

We assume that upon annealing at 150 ◦C chemical modification, such
as transesterfication of the PLA occurs. This results in an increase in poly-
dispersity and an increase in mobility. Similar observations on chain scission
in PLA block copolymers on annealing have been made by others. [16,27] The
authors observed an increase in domain size of the minority PLA phase and
attributed this to swelling of the domains with in-situ formed homopolymer
of the minority phase. The homopolymer was formed through chain scission
at the block junction. A similar phenomenon probably causes the increase in
domain sizes observed for the PFS-b-PLA studied. First, longer annealing at
elevated temperatures leads to more chain scission. Second, the formed PFS
homopolymer can easily diffuse and enrich the microdomains. However, in the
15 nm films, the mobility is restricted due to the strong interaction of PLA
with the substrate, which probably impedes chain scission and certainly the
diffusion of formed homopolymer.



96 Chapter 6. PFS-b-PLA block copolymers

Figure 6.14: AFM-TM phase images (z-range is 20◦), illustrating the effect of an-
nealing time at 150 ◦C on 45 nm FL8/34 films as cast (A), after 30 min (B), after 4 h
(C), after 8 h (D), after 24 h (E), and after 48 h (F). All scale bars are 200 nm.
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Figure 6.15: AFM-TM phase images (z-range is 30-60◦), illustrating the effect of
annealing time at 150 ◦C on initially 10 nm FL8/34 films as cast (A), after 30 min (B),
after 2 h (C), and after 8 h (D). The films shown in images (B) and (C) were initially 10
nm high, and show 15 nm thick relief structures and holes.
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6.5 Substrate induced patterns (SINPATs)

In the holes of the surface relief structures, which were formed in the 10 nm
thin films, sphere-like features of 5 nm in height were found (see Figure 6.16,
but also Figure 6.12).

Figure 6.16: TM-AFM phase image (z-range is 40◦) of a hole in a 10 nm FL8/34
thin film on Si showing substrate induced features (SINPATs).

These features form the so-called substrate induced patterns (SINPATs)
caused by the strong adsorption of the PLA block on the substrate, and the
subsequent segregation of the PFS block on the PLA layer (see Figure 6.1).
Further exploration of these features was done on mica, because of anticipated
stronger interactions between mica and PLA.

The average height H of the PFS features was found to be 5 ± 1 nm (see
the cross-section in Figure 6.17) and their radius R is 8 ± 2 nm (assuming
an AFM tip diameter of ∼10 nm). The number of aggregated PFS chains
nPFS in an island can be calculated using the following expression, assuming
a spherical cap-like shape of the islands.

nPFS =
π
6 H(3R2 + H2)ρNA

Mn,PFS
(6.2)

where NA is Avogadro’s number, ρ is the density of PFS, and Mn,PFS is the
molar mass of the PFS block. This resulted in an average number of aggre-
gated PFS chains in an adsorbed PFS domain of ∼50. The domain size of the
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Figure 6.17: AFM-TM height image (z-range is 5 nm) and cross-section of the PFS
spheres that segregate on the strongly absorbed PLA blocks on a mica surface.

features is similar to the domain diameters in a typical block copolymer mor-
phology, yet the lateral spacing is much larger. As shown by Spatz et al., [2–4]

this spacing can be tuned by varying the length of the adsorbing block, in this
case PLA. The pattern we observed was not well ordered. This might be due
to the polydispersity of the block copolymers. In the studies by Spatz et al.,
mainly cylinder and lamellae forming block copolymers were used. Therefore,
the small amount of PFS present in the block copolymer used in this study
might impose some degree of chain stretching, and the use of cylindrical or
even symmetric PFS-b-PLA might result in better ordered structures. The
formation of two distinct types of nanoscale patterns with the same block
copolymer, where one consists of PFS, has not been observed before and is of
interest in nanofabrication as another tool to form nanopatterns.
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6.6 Conclusions

Successful synthesis of PFS-b-PLA, the first example of a block copolymer with
an organometallic block and a biodegradable organic block to our knowledge,
was demonstrated. The block copolymers were characterized by NMR and
GPC for their molecular properties and by SAXS, rheological measurements,
and DSC to establish the bulk morphology and thermal behavior. The block
copolymers are mainly amorphous and experience an ODT around 135 ◦C. At
higher temperatures, the PLA block becomes chemically liable to chain scission
and transesterfication processes, and degradation of the block copolymer sets
in. The cleaved chains of mainly PFS or PLA eventually showed the onset of
macrophase separation in both bulk and thin films.

Substrate induced patterns (SINPATs) formed in the case of ultra thin
films (< 5 nm), which is the first example of these patterns with PFS block
copolymers. The SINPATs consisted of strongly substrate-adsorbed PLA
blocks on top of which the PFS blocks segregated into sphere-like features
with diameters of around 20 nm. The lateral spacing between these features is
regular, typically larger than the length-scale associated with block copolymer
phase separation, and tunable through the adsorbable block. As a result, two
distinct types of patterns are accessible with these block copolymers through
tuning of substrate interactions and film thickness. These patterns might serve
as templates in the fabrication of functional nanoplatforms. The combination
of an organometallic and a biodegradable block offers a range of approaches to
selective removal of one block. In addition to reactive ion etching techniques,
mild conditions such as hydrolysis might be applicable for selective removal of
the PLA phase.

6.7 Experimental

Materials Diisobutylaluminum hydride (1M in toluene), triethylamine,
Rochelle salt (Potassium sodium tartrate tetrahydrate, NaKC4H4O6·4H2O)
and Zn(II) bis[bis(trimethylsilyl)amide] 97% were purchased from Aldrich.
Sn(II)-2-ethyl hexanoate and CaH2 were purchased from Sigma. D,L-Lactide
was purchased from Purac Biochem and was recrystallized from toluene before
usage. Diethyl ether, n-heptane, and Silica gel 60 (70 - 230 mesh ASTM) were
purchased from Merck. Toluene was dried over n-butyllithium and distilled
under vacuum. Dichloromethane was dried over CaH2 and distilled under an
overpressure of argon. Heptane and diethyl ether were dried over CaH2.
Instrumentation 2D 1H NMR correlation spectroscopy (COSY) was per-
formed on a Varian Unity 400 spectrometer at 399.9 MHz. Thermal degrada-
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tion was measured on a Perkin-Elmer thermogravimetric analyzer (TGA) 7,
with a heating rate of 30 ◦C/min. AFM imaging on films that were etched
with reactive ion etching was performed with the amplitude of oscillation at
free vibration (A0) set at 1.5 V, and with the operating setpoint ratio (A/A0)
set at 0.9. The unetched thin films could be studied best at higher ampli-
tudes of oscillation at free vibration (A0 = 2.5 V) and an operating setpoint
ratio of 0.7. Height and phase images were recorded at a scanning rate of
1 Hz. Hydrolysis of the PLA phase in thin films was carried out in a 40:60
methanol/MilliQ solution containing 0.5 M NaOH as described by others. [16]

Macroinitiator The synthesis of the macroinitiator was performed in an
Mbraun glovebox, purged with prepurified nitrogen ([H2O] < 0.1 ppm).
PFDMS polymerization was initiated as described elsewhere (Section 3.5).
The living chain ends were terminated by approximately 0.2 mL 3-(tert-butyl-
dimethylsiloxy)propyldimethylchlorosilane after 20-40 min at room tempera-
ture. After 1 to 2 h the reaction mixture was precipitated in a vigorously
stirred ten-fold excess of methanol containing 3 mL of triethylamine. The tri-
ethylamine trapped any formed HCl, which is the product of unreacted end-
capper with methanol. The endcapping efficiency was around 65%. Efficiency
<100% is likely caused by the presence of impurities in the endcapper reactant.
These impurities could be removed by adding 10-20 mol% sec-butyllithium to
a solution of 0.2 mL endcapper in 1 mL THF, which was immediately added
to the living PFS solution. This method of endcapping resulted in an end-
functionalization efficiency of >95%, as determined by 1H NMR. Column chro-
matography was used to obtain 100% hydroxyl-terminated PFS. An amount
of 0.5 mL diisobutylaluminum hydride (DIBAL) was added to a solution of the
protected hydroxy terminated PFS in 5 mL dichloromethane and stirred for
48 h. The addition of a few drops of methanol, to destroy excess DIBAL, and
5 mL 1.5 M aqueous Rochelle salt solution to remove aluminum salts, resulted
in a gel-like substance. After a few minutes, two phases were formed that were
stirred for 24 h. The aqueous phase appeared opaque, probably due to dis-
solved aluminum salts. After removing the aqueous layer, the dichloromethane
solution was washed twice by vigorous stirring with 5 mL deionized water for
two h. The PFS was subsequently precipitated in methanol, dried, dissolved
in toluene and fractionated on a silica gel column (63 µm < dSiOx < 40 µm)
with toluene as eluent, to separate the deprotected end-functionalized PFS
polymers from the non-functionalized PFS polymer. The retention ratio of
hydroxyl terminated PFS and nonfunctionalized and protected PFS polymers
was 0.75. Toluene was removed by rotary evaporation and the macroinitiator
was thoroughly dried in vacuum. This resulted in 100% hydroxyl terminated
PFS, that was used for the ring-opening polymerization of the lactide.
PFS-b-PLA D,L-lactide was purified by recrystallization from dry toluene
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just before copolymerization, and added to a toluene solution of macroinitia-
tor. Polymerization with Sn(II)-2-ethyl hexanoate catalyst was initiated by
adding a molar equivalent of catalyst of a fresh 1 wt% stock solution with
respect to the macroinitiator . Polymerization was allowed to proceed for 24 h
at 100 ◦C. Polymerization with Zn bis[bis(trimethylsilyl)amide] catalyst pro-
ceeded by dissolving macroinitiator with a double molar equivalent of a fresh
1 wt% toluene solution of catalyst. After 10 min, a dichloromethane solution
of lactide monomer was added, resulting in a 1 M monomer concentration.
An increase in viscosity after 30 min indicated successful polymerization. The
total reaction time was 2 h, carried out at room temperature. Precipitation
in a ten-fold excess of methanol, and subsequent washing and drying resulted
in yellow colored block copolymer. Thin films Thin films of PFS-b-PLA on
silicon, mica and silicon modified with octadecyltrichlorosilane were prepared
as described elsewhere (see Chapter 4), from 0.25 - 5 wt% solutions of PFS-b-
PLA in toluene. Film thicknesses varied between 8 and 182 nm. The thin films
were imaged by AFM directly or after an additional annealing step (performed
in a vacuum oven).
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CHAPTER 7

Templated growth of carbon

nanotubes with controlled diameters

using PS-b-PFS

Block copolymer thin films fabricated from polystyrene-
polyferrocenylsilane (PS-b-PFS) block copolymers on silicon
substrates were used as precursors of well-ordered, nanosized
growth catalysts for carbon nanotubes (CNTs). The size of the
catalytic domains was tuned by varying the molecular weight
of the block copolymer, enabling control of the diameter of the
CNTs grown from these substrates. Using acetylene with an
additional hydrogen flow as gas feed, decreasing CNT diame-
ters with decreasing domain sizes were observed. Multiwalled
CNTs with inner and outer diameters of 4 and 7 nm, respec-
tively, and a narrow diameter distribution were obtained.

∗This chapter has been published: Roerdink, M., Pragt, J., Korczagin, I., Hempenius,
M. A, Stöckli, T., Keles, Y., Knapp, H. F., Hinderling, C., and Vancso, G. J., J. Nanosci.
Nanotechnol., 2007, 7, 1052-1058.
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7.1 Introduction

Carbon nanotubes (CNTs), first reported by Iijima and co-workers, [1] have at-
tracted much interest due to their fascinating electrical and mechanical prop-
erties. Consisting of only carbon organized in graphite-like sheets, the tubes
typically have lengths on the order of micrometers and circumferences that can
go down to 10 carbon atoms. Due to the near-ideal structural organization
and the unusual dimensions, exceptional mechanical, electrical and phonon
propagating properties are observed in CNTs for both single-walled nanotubes
(SWNTs), consisting of just one graphite sheet, and tubes with multiple walls
(MWNTs). [2] The areas of application where CNTs are considered range from
use in electronic (nano)devices, field emission or superconductivity applica-
tions, to reinforcing fibers due to the exceptional high density-normalized
strength and modulus, and superplasticity. [3–5] CNTs are usually fabricated
using the arc-discharge method [1,6], laser ablation [7] or chemical vapor depo-
sition. [8] Control over the type of CNT (SWNT or MWNT) and the quality
(number of defects) is typically better in the case of the first two methods,
but both techniques are time consuming, either due to the process itself, or
to the necessary purification steps [9,10]. For larger scale CNT growth, chem-
ical vapor deposition (CVD) is the method of choice, in which a carbon gas
feed is led over a catalyst material at temperatures between 500 and 1000 ◦C.
Due to the relatively low temperatures used in CVD, the CNTs obtained in
this way typically have a larger number of defects. [9] Optimizing conditions
in CVD processes to gain a better control over the number of defects in the
tubes, orientation, tube diameters and number of walls is therefore impor-
tant. One method to obtain control over the tube diameter and the number
of walls is using small catalyst particles, as several groups have observed a
strong correlation between the diameter of the CNTs and the size of the cat-
alyst particles. [11–13] Small diameter catalyst particles have been produced by
evaporating thin metal films follwed by fractionating these films thermally or
by ageing, as well as by the assembling of metallic ions from solution during
annealing. [14–16] Zhang et al. [17] showed SWNTs grown from Fe(III) particles
with a size of 1-3 nm that were prevented from agglomeration by a calcinated
protein ferritin shell. The diameter of the tubes grown showed a direct corre-
lation to the iron particle size. CNT deposition based on a ferritin precursor
was also described by Bonard et al., [18] who used microcontact printing for
the patterned deposition of a natural ferritin based catalyst, which resulted
in monodisperse nanotubes with mean diameters close to the particle size of
approximately 5 nm. Despite these examples, the preparation of nanometer-
sized catalyst particles still proves difficult, since agglomeration of the catalyst
particles at the temperatures of deposition remains hard to avoid.
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PS-b-PFS was shown to be an effective, nanostructured growth catalyst
for carbon nanotube formation after exposure to O2-RIE. [19,20] Using CVD,
crystalline MWNTs with outer diameters of similar size as the oxidized PFS
domains were obtained after a short induction time, as the iron species were
reduced from Fe(III) to Fe(II) and Fe(0) in the initial stage of the growth
process. Agglomeration of iron from different domains was not observed at
the temperatures applied in this process.

Recently, a PFS containing block copolymer, polystyrene-block -poly(ferro-
cenylethylmethylsilane) has also been used as an effective precursor for the
preparation of lithographically patterned catalytic surfaces using a bilayer lift-
off procedure with a precursor film, resulting in selective deposition of CNTs
on the PFS containing areas. [21]

The work described in this chapter focused on finding the optimal condi-
tions for controlling CNT deposition and CNT morphology in the CVD process
previously applied by us, using PS-b-PFS block copolymers to prepare arrays
of catalytic nanodomains. The influence of feed gas composition and variation
in block copolymer molar mass on CNT characteristics was explored.

7.2 CNT growth from acetylene

A series of PS-b-PFS block copolymers with PFS volume fractions of approx-
imately 20 % and total molar masses of 20-90 kg/mol was prepared (Table
7.1). These block copolymers have an equilibrium morphology of PFS spheres
in the PS majority phase. Molar masses were varied to influence the size of
the organometallic domains, with the aim to control CNT diameters.

Table 7.1: Characteristics of the block copolymers used for the preparation of the
catalytic substrates.

Substrate Mn
a Mw

a Mw/Mn
a PFSb Domain diametersc

[103 kg/mol] [103 kg/mol] vol% [nm]

SF65/20d 85 89 1.07 20 31.4 ± 3.7

SF34/9 43 45 1.05 18 23.2 ± 3.1

SF13/4 17 19 1.12 20 19.0 ± 2.5

aMeasured by GPC, relative to polystyrene standards. bCalculated from ferrocenyl
and polystyrene 1H NMR integrals. cDetermined from TM-AFM image analysis.
dNotation for PS-b-PFS, with the indication of the Mn of the PS and the PFS block,
respectively.
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Thin films of block copolymers SF65/20, SF34/9 and SF13/4 on silicon
substrates were treated with an oxygen plasma to remove the organic matrix
(as described in Chapter 2), and subsequently employed in a CVD process
using acetylene as a carbon source. [19] Substrates obtained from SF65/20, the
highest molar mass block copolymer, showed the highest surface coverage by
CNTs. A micrometer thick layer of hollow tubes was formed over the entire
substrate, see Figure 7.1A and Figure 7.1B.

Figure 7.1: SEM images of CNT growth from acetylene on catalytic substrates pre-
pared from SF65/20 (A,B), SF34/9 (C) and SF13/4 (D).

Figure 7.2A shows a TEM image of a typical CNT found on these sub-
strates. The tube shows parallel walls that are well-crystallized, but exhibit
some irregularities, due to defects commonly found in CVD grown CNTs.
In this representative tube, two iron particles are included, which indicates
growth by the tip growth mechanism, where the catalyst particle is lifted-
off the surface by the growing tube. [22,23] In this particular tube the catalyst
particle apparently has split before the termination of the reaction. Another
observation about the nature of growth initiation can be derived from SEM
images as shown in Figure 7.2B. The tubes emerge from small islands of amor-
phous carbon which typically extend over a few precursor domains and are
assumed to be either deposited on the substrate before tube initiation starts
or are accumulating during tube growth. The CNTs grown from SF65/20
covered substrates were characterized using TEM. Figure 7.3 shows a his-
togram summarizing measurements on the diameter distribution in the CNTs.
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Figure 7.2: TEM image of a typical CNT grown from acetylene and SF65/20 block
copolymer catalyst precursor substrate (A). SEM image of typical CNT growth from
SF34/9 block copolymer catalyst precursor substrate from acetylene (B).

Figure 7.3: Histogram of inner and outer diameters of CNTs deposited from acetylene
on catalytic substrates prepared from SF65/20. The diameters were obtained from TEM
images.
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Multiwalled CNTs with average inner and outer diameters of 8.3 nm (±
2.4 nm) and 15.7 nm (± 5.4 nm), respectively, were obtained. These values
are slightly smaller than the diameters of the organometallic domains after
O2-plasma treatment (31 nm). O2-plasma-treated PFS domains were found
to consist of iron and silicon oxides. [24] As Fe(0) is the catalytically active
species, Fe(0) particles formed under the reducing conditions and at the high
temperatures of the CVD process are expected to have smaller dimensions
than their corresponding O2-plasma exposed domains. During the heating
step employed prior to acetylene addition and in the initial phase of CNT
growth, the metallic iron present in the block copolymer domains can agglom-
erate within single domains to form larger Fe(0) particles. Although migration
within the domains is highly probable, migration of iron between separate do-
mains is assumed to be highly unlikely, based on the intactness of the domains
and the typical block copolymer-like array after the heat treatment. Thus, the
iron agglomerates present on the catalytic substrate can be expected to have
diameters smaller than those of the oxidized PFS domains due to the limited
amount of iron present in each domain. The smaller iron oxide domains formed
from the lower molar mass SF34/9 and SF13/4 block copolymers were some-
what less effective catalyst precursors in the presence of acetylene, compared
to domains from SF65/20, see Figure 7.1C and Figure 7.1D.

7.3 CNT growth from acetylene and hydrogen

A more efficient reduction of the iron oxides to metallic iron was required, in
order to enhance catalyst activity. Since the gas composition during CVD is
known to have a strong effect on the CNT deposition, variations of the CVD
process and their influence on CNT deposition and tube morphology were
explored. Prereaction annealing using two different schemes from the thus far
employed CVD process were considered. The substrates were equilibrated for
4 h at reaction temperature while a N2 flow was led over the substrates. The
effect of this long annealing in N2 atmosphere was an increased deposition of
CNTs on all substrates, which can be attributed to the thermal degradation
of the PFS domains to iron silicon carbides at this temperature, resulting in
more catalytically active species during the reaction. [25] In contrast to these
findings, the CNT deposition was strongly reduced in case of long annealing
at reaction temperature with a small flow of H2 added to the N2 flow. Under
these conditions more diffusion of iron in the silicon wafer may take place as
a result of reduction of PFS by the hydrogen, resulting in the formation of
the catalytically inactive iron silicides. [26,27] The CVD process was then varied
by adding a small flow of H2 during equilibration of the substrates and to the
acetylene flow during the reaction, since the addition of H2 is known to aid the
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formation of SWNTs, decrease the formation of amorphous carbon deposition,
and enable the synthesis of smaller diameter tubes. [28–30] The addition of H2

resulted in a significant increase in CNT deposition on the substrates prepared
form SF34/9 and SF13/4, see Figure 7.4 in comparison with Figure 7.1.

Figure 7.4: SEM images of CNT growth from acetylene in the presence of H2 on
catalytic substrates prepared from SF65/20 (A), SF34/9 (B) and SF13/4 (C,D).

Considering the reductive role hydrogen plays, H2 is assumed to enhance
the reduction of the iron species present in the precursor domains to the cat-
alytically active form, thus strongly increasing the CNT deposition. The CNTs
deposited on SF34/9 decorated substrates were analyzed by TEM and inner
and outer diameters of 4.2 (± 2.0 nm) and 7.1 nm (± 2.2 nm) were found,
respectively, using acetylene and H2, as can be seen in Figure 7.5. Figure 7.6
shows a TEM image of typical tubes obtained using SF34/9 prepared sub-
strates under these conditions. On the substrate prepared from SF65/20 a
decrease in wall thickness of the tubes deposited under these conditions was
observed, i.e. no significant decrease in outer diameter was found, but the
inner diameter increased, when compared to the tubes obtained on these sub-
strates using only acetylene. The significant decrease in tube diameter found
on SF34/9 prepared substrates compared to tubes on SF65/20 prepared sub-
strates indicates a strong influence of the catalytic domain size on the tube
diameter when using an acetylene and H2 gas feed. Further, the distribution
of tube diameters was narrower than found when using only an acetylene feed
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gas. This demonstrates that the tube diameter can be controlled under these
conditions by tuning the molar mass of the block copolymer used to prepare
the catalyst substrate.

Figure 7.5: Histogram of inner and outer diameters of CNTs growth from acetylene in
the presence of H2 on catalytic substrates prepared from SF34/9. The diameters where
obtained from TEM images.
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Figure 7.6: TEM image of CNT’s grown from SF34/9 using acetylene and H2 as gas
feed.

7.4 PFS homopolymer films as catalytic precursor

For the purpose of comparison, films of poly(ferrocenyldimethylsilane) ho-
mopolymer were subjected to the CVD process. CNT deposition was observed
on these films, indicating that PFS homopolymer films are also catalytically
active. However, the deposition was very inhomogeneously distributed over
the substrate, with large areas having no tubes at all and occasionally yield-
ing areas with a dense packing of tubes. Figure 7.7 shows a SEM image of CNT
deposition on a substrate prepared from PFS homopolymer. Furthermore, as
can be seen in Figure 7.7, large globular deposits of amorphous carbon where
found on these substrates, which were not observed on substrates prepared
from block copolymers.
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Figure 7.7: SEM image of CNT growth from acetylene on a PFS homopolymer film.

7.5 Conclusions

Arrays of nanometer-sized catalytic domains, prepared from PS-b-PFS block
copolymers, were used for growing carbon nanotubes in a CVD process. Vari-
ations in both gas composition and in annealing steps strongly influenced the
amount of deposition and the morphology of the carbon nanotubes deposited.
In the presence of hydrogen and using acetylene as a carbon source, the CNT
diameters could be influenced by tuning the molar mass of the block copolymer
used as a catalyst precursor, resulting in decreasing diameters with decreasing
domain size as well as narrow diameter distributions.

7.6 Experimental

PS-b-PFSs were prepared as described earlier (see Chapter 4). Film thick-
nesses ranged from 20 nm to 68 nm, so as to yield a film with only one
monolayer of microphase separated spherical domains. Film thicknesses were
established by ellipsometry, using a wavelength of 632.8 nm and a fixed angle
of 70◦, and a refractive index of 1.54. Thin films of PS-b-PFS were annealed
under vacuum at 160 ◦C for 2 days (SF14/5), 4 days (SF34/9) or 6 days
(SF65/20). Oxygen reactive ion etching (O2-RIE) (Elektrotech PF 340 ap-
paratus) was carried out on the PS-b-PFS films with a pressure inside the
etching chamber of 10 mTorr, the substrate temperature was set at 10 ◦C,
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an O2 flow rate of 20 sccm was maintained, and power was set at 75 W. The
thin films were etched for 10 s. O2-RIE (Oxford Plasmalab 80 plus) on ho-
mopolymer PFS films was carried out for 3 min using 30 mTorr O2 and 30
W RF power. CNT synthesis was performed in a dedicated CVD thermal
reactor. The growth temperature was 720 ◦C (acetylene) and the pressure
was 700 mbar. The carbon source was 15 sccm acetylene (and optional 8.25
sccm H2) diluted in N2 flowing at a rate of 1000 sccm over the catalyst coated
substrate. The catalyst coated substrates were heated to the reaction tem-
perature and either allowed to equilibrate for 30 min or pre-annealed for 4 h,
during which an optional flow of 8.25 sccm H2 was led over the substrates.
Reaction was completed by flowing N2 through the reaction chamber at the
reaction temperature for 5 min and subsequent cooling to room temperature
under vacuum. The substrates containing CNTs were analyzed using scan-
ning (SEM) or transmission electron microscopy (TEM, Philips CM30). For
TEM, the samples were prepared by scraping the deposit from the catalytic
substrate and sonicating the deposit in ethanol. Drops of this suspension were
successively deposited onto carbon-coated microscopy grids and blotted dry.
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CHAPTER 8

Outlook: Amine-terminated PFS for

novel self-assembled structures

PFS are highly interesting polymers due to their unusual properties caused by
the presence of iron, as discussed in this thesis. As a result of this function-
ality, PFS polymers or block copolymers containing PFS are close to actual
applications including for instance the fabrication of functional nanostructured
surfaces or stimulus-responsive polymer architectures such as redox-responsive
capsules. The functional structures are formed in self-assembly processes.

Substrate interactions can be a simple and highly useful tool in directing
block copolymer self-assembly. The positional control of microdomains of PFS
through substrate interactions finds application in data storage, but one can
also imagine utilization in sensor applications, when considering for example
cylindrical structures. Sensing of molecules can take place making use of
several properties of PFS, such as redox responsiveness, or quenching of the
photoluminescence of small dye molecules, a property demonstrated for PFS.
The sensing studies have been carried out mainly in bulk, but it seems highly
relevant to extend these studies to supported films and to probe the effect of
a substrate on these properties.

The chemical contrast that the organometallic nature of PFS provides com-
pared to organic polymers can be considered the main asset of PFS. Work on
PFS has thus far covered lithography, catalytic activity in carbon nanotube
growth, redox responsiveness, formation of ceramic structures, formation of
cylindrical micelles that can be selectively loaded with metals, as well as pho-
toluminescent quenching. All these areas are application-oriented and demon-
strate the versatility of PFS. In addition, the chemical contrast facilitates for
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instance imaging, scattering or spectroscopic monitoring, due to the particular
intrinsic properties of PFS, where similar studies with other organic polymers
might be complicated, if not inaccessible at all, due to lack of contrast.

Throughout this thesis, the etch contrast of PFS has been employed to
study underlying physical principles of ordering under different conditions.
This was, with exception of the last chapter, remote from real technological
applications. For example, the resistance to reactive ion etching facilitated
imaging of phase separated structures in thin films. Similarly, PFS provided
the contrast in small-angle X-ray scattering without the need for staining.
Therefore, PFSs may be very useful in more fundamental studies, enabling
the study of phase separation in new types of polymers, which have different
types of blocks or block junctions.

When exploring options for creating novel block copolymers, end-functio-
nalization of PFS chains proves to be relevant for introducing blocks grown
by routes other than anionic polymerization. The functionalization of poly-
mers with reactive end groups allows such materials to be applied in surface
functionalization and in the formation of novel block and graft copolymers.
End-capping of living polymers obtained by anionic polymerization, such as
polystyryllithium and polybutadienyllithium, has been pursued actively in the
last decades and a variety of reagents for introducing e.g. hydroxyl-, amine,
thiol and carboxylic acid groups have been established. One class of end-
capping reagents that has proved to be particularly effective for introduc-
ing hydroxyl or amine end groups combines a chlorosilyl moiety and OH or
NH2 functions, protected as silyl ethers or silazanes, respectively. Chlorosi-
lanes react quantitatively with a range of living polymer anions but haloalka-
nes have also been employed successfully. The end-functionalization of liv-
ing poly(ferrocenyldimethylsilane) chains with hydroxyl and primary amine
groups has recently been reported, to produce PFS-b-PMMA [1] and PFS-b-
polypeptide diblock copolymers. [2] Another example was described in this the-
sis, where PFS-b-PLA block copolymers were synthesized through hydroxyl-
endcapping. The obtained polymers demonstrated an interesting combina-
tion of functionalities by the combination of an organometallic block with a
biodegradable block. One can envisage investigating the selective removal of
the PLA block not only by mild hydrolytic conditions, but also via enzymatic
degradation, which would constitute a novel tool for the fabrication of func-
tional nanoplatforms.
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End functionalization enables the design of specific endgroups or units
at the junction of two blocks. Particularly, through amino-endcapping, self-
complementary groups such as ureidopyrimidinone (UPy) and ureidotriazine
(UTr) groups [2] can be introduced as an endgroup of PFS, and block copoly-
mers where the separate blocks are linked together by multiple H-bonding
interactions can be obtained.

Amine end-functional PFS and PI can be linked by isocyanate chemistry
to form a block copolymer with a bisurea unit at the block junction. The pres-
ence of such a H-bonding motif is expected to enhance phase separation and
allows one to explore the lateral association of these motifs, perhaps leading
to novel self-assembled structures in thin films and in solution. [3]

As a part of this thesis, the synthesis of an amine endfunctionalized PFS
was undertaken. The end-capping reagent used was a chlorosilane, which was
obtained by hydrosilylation of an N -allyl disilazane as shown in Figure 8.1.
The functionalization of living PFS is schematically shown in Figure 8.2. An
end-capping efficiency of >70 % was reached, as gauged by 1H NMR. This
efficiency is higher than the one observed for α-haloalkyl-based endcapping
reagents (40%). PFS-NH2 (as well as PS-NH2 and PI-NH2) could be purified
by column chromatography, which removed unterminated polymer.

Figure 8.1: Synthesis of the amine endcapper.

Figure 8.2: End-functionalization of living PFS chains with a primary amine group.



122 Chapter 8. Outlook: Amine-terminated PFS

8.1 Experimental

3-[N,N -bis(trimethylsilyl)amino]-1-propene (1) A dry 250 mL two-
necked flask equipped with a stirring bar and septum was connected to a
Schlenk line. AgI (9.9 g, 0.042 mol) was added, protected from light. After
evacuating and filling with argon for three times, the flask was placed in a
water bath and LiN(SiMe3)2 in THF (100 mL, 0.1 mol) was added and stir-
ring was continued for 22 h. Ice was added to the water bath to reach 10 ◦C
followed by the portion wise addition of allyl chloride (8.61 g, 0.112 mol). The
mixture was stirred overnight at room temperature. About 50% of the THF
was evaporated and replaced by n-hexane. The salts were left to settle and
the solution was transferred into a vacuum distillation setup. Hexane was dis-
tilled off at ambient pressure under argon, using a Schlenk line. The product,
a colorless liquid, was distilled into an ampoule (bp 50-60 ◦C, 9 mbar), lit.:
bp 60 ◦C/ 16 mmHg. [4] Isolated yield 14.83 g (73.6 mmol, 74 %). [5–7]

1-(Chlorodimethylsilyl)-3-[N,N -bis(trimethylsilyl)amino]propane
(2) The N -allyl disilazane was hydrosilylated with dimethylchlorosilane and
chloroplatinic acid under argon as described by DeSimone et al. [8]

Amine-terminated homopolymers 0.2 mL THF, and 10-20 mol% sec-
butyllithium were added to 20 equivalents of chlorosilane to scavenge any
impurities. The mixture was directly added to living polymer solutions of PFS,
PS or PI, prepared as described earlier. After 2 h, the polymer was precipitated
in a mixture of a 10-fold excess of methanol and 3 mL of triethylamine. Column
chromatography, using a dichloromethane/THF mixture, was used to obtain
70-100% amine-terminated PFS.
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CHAPTER 9

Summary

The work described in this thesis aimed at gaining a better understanding of
factors involved in directed self-assembly of block copolymer microdomains.
For many possible applications of block copolymers, such as high density data
storage, the positional control of microdomains is crucial. Understanding the
mechanisms governing the ordering in phase separated block copolymers is
therefore fundamental for designing usable systems. In this study, organic-
organometallic block copolymers were used, in which the organometallic block
was poly(ferrocenylsilane) (PFS). The presence of iron in the backbone of these
polymers imparts properties such as etch resistance or catalytic activity to the
polymers. Therefore, PFS containing block copolymers can directly be used
as nanolithographic templates or for the fabrication of a catalytic platform of
nanosized domains.

Two different approaches were explored and are described in this thesis.
The first approach involved the study of the effect of chemical and topograph-
ical modifications of a substrate on the morphology of one particular type
of diblock copolymer. The second method involved the study of polymer-
substrate interactions in diblock copolymers with different chemistry.

Chapter 1 and Chapter 2 give a general introduction to the scope of the
work and to phase separation in block copolymers. Particular attention was
given to ordered morphologies in bulk and in supported films of asymmetric
block copolymers, where spherical domains of one phase exist in a matrix of
the other. A number of techniques that were used to probe different aspects
of order are discussed. These techniques include structure characterization
techniques, such as small-angle X-ray scattering and dynamic secondary ion
mass spectrometry, as well as image analysis techniques used to quantify lateral
order. The correlation between the information obtained by these different



126 Chapter 9. Summary

techniques, and how this information needs to be interpreted for block copoly-
mers in bulk and in thin films is addressed in Chapter 2.

In Chapter 3 through 5 the synthesis, characterization and a thin film
study of amorphous, low-Tg block copolymers are described. The synthesis of
amorphous PFS polymers and block copolymers, and their thermal proper-
ties in the bulk are discussed in Chapter 3. Amorphous PFS was prepared by
copolymerization of small amounts of asymmetrically substituted ethylmethyl-
[1]silaferrocenophane monomer with dimethyl[1]silaferrocenophane. The cor-
responding polyisoprene (PI)-b-PFS block copolymers showed no crystalliza-
tion within the studied periods of time. Time-consuming annealing steps to
obtain thermodynamic equilibrium were redundant in these copolymers, which
makes them attractive for use in thin film applications. An important ther-
mal transition for the choice of the annealing strategy is the order-disorder
transition between an ordered phase-separated system and a disordered melt.
The order-disorder temperatures were determined for the synthesized block
copolymers and were shown to decrease with an increasing amount of incor-
porated asymmetrically substituted monomer. This dependence on the EM
content was probably due to the slightly more aliphatic character of the PFS
phase with increasing amount of EM.

The thin film morphology of the PI-b-PFSs is discussed in Chapter 4. On
flat substrates, the amorphous copolymers exhibited an intrinsic large-area
ordering, extending over more than 1 micron, which is exceptionally large
for block copolymers that generally have grain sizes of only a few hundred
nanometer. In films of one monolayer of domains, a hexagonal packing of
microdomains was found. A dynamic secondary ion mass spectrometry study
revealed the structural transition of this hexagonal packing to a BCC morphol-
ogy with increasing film thickness. The BCC morphology was oriented with
the 110 plane parallel to the substrate throughout the entire film. Both blocks
of PI-b-PFS were found at the polymer-substrate interface, while in PS-b-PFS
the PFS wetted the substrate, rendering the substrate wetting for PI-b-PFS
and PS-b-PFS qualitatively different. A study of graphoepitaxial alignment
of microdomains (order directed by topographic features on a substrate) with
PI-b-PFS is therefore of special interest, since the alignment effect in grapoepi-
taxy has so far been ascribed to the existence of a brush layer of just one phase
at the substrate. Such a study is presented in Chapter 5. In grooves of one
monolayer thickness, the position of the domains was fixed despite the neutral
wetting condition. The position of the domains was successfully directed at
larger distances from the side-walls in linear and hexagonal grooves of up to 1.3
µm width. The hexagonal pits demonstrated 2D alignment. In circular pits,
the graphoepitaxial effect was absent. The strain imposed by curved sidewalls
was absorbed by expansion or compression of microdomains near the edge.
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Chapter 6 presents the synthesis, characterization and thin film morphol-
ogy of a different PFS containing block copolymer, to probe the polymer-
substrate interactions in case of different chemistry. PFS-b-polylactide (PLA)
was synthesized using a combination of anionic polymerization and catalyzed
ring-opening polymerization. The PLA block constituted a distinctly more po-
lar block. The resulting strong substrate-polymer interactions caused the for-
mation of dewetted aggregates of PFS on top of a strongly substrate-adsorbed
PLA layer in ultrathin films (< 10 nm). This polymer, the first example of
a block copolymer consisting of an organometallic block and a biodegradable
block, enabled the fabrication of two different types of patterns, which might
serve as templates for arrays of functional nanodomains. In addition, the PLA
enables soft etching methods, through the selective hydrolysis of the PLA. The
PFS-b-PLA block copolymers were mainly amorphous and exhibited an order-
disorder transition around 135 ◦C. At higher temperatures, chain scission and
transesterfication processes of the PLA block became more important, which
influenced the thin film morphology.

In Chapter 7 the use of PFS containing block copolymers in a catalytic
application was explored. The formation of carbon nanotubes (CNTs) with
controlled diameters fabricated from PS-b-PFS templated catalytic arrays is
described. Multiwalled carbon nanotubes with a narrow distribution in diam-
eter were obtained. The diameters could be tuned by varying the molar mass
of the block copolymer precursor, using acetylene/hydrogen as the feed gas
in chemical vapor deposition. The CNT diameters decreased with decreasing
domain sizes.

Preliminary results on amine end-functionalization of PFS are given as
an outlook in Chapter 8. This functionalization enables new routes for the
addition of particular chemical functionalities at the PFS chain end or other
organic blocks. Also, specific motifs may be introduced at the junction between
two blocks, with the aim of enhancing phase-separation.
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CHAPTER 10

Samenvatting

Het in dit proefschrift beschreven werk heeft tot doel om een beter inzicht te
verkrijgen in de factoren die een rol spelen in gestuurde zelforganisatie van
microdomeinen in fasegescheiden blok copolymeren. Controle over de posi-
tie van blok copolymeerdomeinen is van belang in veel toepassingen van blok
copolymeren, zoals bijvoorbeeld gegevensopslag met hoge dichtheid. Inzicht
in de mechanismen die ordening van domeinen in blok copolymeren bepalen
is daarom essentieel voor het ontwikkelen van daadwerkelijk toepasbare syste-
men. In deze studie zijn organisch-organometaal blok copolymeren gebruikt,
waar het organometaal blok gevormd werd door poly(ferrocenylsilane) (PFS).
De aanwezigheid van ijzer in de hoofdketen geeft deze polymeren bijzondere
eigenschappen voor polymeren, zoals etsweerstand of katalytische eigenschap-
pen. Deze polymeren kunnen daardoor vrij gemakkelijk worden toegepast als
nanolithografisch masker of als een platform voor het generen van katalytisch
actieve nanostructuren.

Om inzicht te krijgen in de ordeningsmechanismen in blok copolymeren
zijn twee verschillende aanpakken gehanteerd. De eerste aanpak omvatte het
bestuderen van het effect van chemische en topologische modificaties van een
substraat op de morfologie en orde in een specifiek blok copolymeer. De tweede
benadering behelsde het bestuderen van polymeer-substraat interacties in blok
copolymeren met andere chemische eigenschappen.

Hoofdstuk 1 en Hoofdstuk 2 geven het kader van het werk weer en een
introductie van fasescheiding in blok copolymeren. Geordende structuren in
de bulk en in substraat-ondersteunde dunne lagen van asymmetrische blok
copolymeren, waarin bollen van de ene fase in een matrix van de andere fase
voorkomen, worden extra toeglicht. Een aantal technieken die verscheidene
aspecten van de aanwezige orde van domeinen bepalen worden besproken.
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Hiertoe behoren structuurkarakteriserende technieken zoals small angle rönt-
genverstrooiing en dynamische secundaire ionmassaspectrometrie, en beeld-
analysetechnieken die gebruikt worden om laterale orde te kwantificeren. De
relatie tussen informatie die uit deze verschillende technieken verkregen wordt,
en de relatie met de ordening van de microdomeinen in de polymere bulk en in
de dunne lagen is met name van belang in de verdere hoofdstukken en wordt
daarom hier uitgelicht.

In de hoofdstukken 3 tot en met 5 wordt de synthese, karakterisatie en
een dunne laag studie van amorfe, lage Tg blok copolymeren beschreven. De
synthese van amorfe PFS polymeren en blok copolymeren met polyisopreen
(PI) en de bulk thermische eigenschappen van deze polymeren worden be-
sproken in Hoofdstuk 3. Amorf PFS werd verkregen door copolymerisatie van
kleine hoeveelheden van asymmetrisch gesubstituteerd ethylmethyl[1]silaferro-
cenophane monomeer (EM) met dimethyl[1]silaferrocenophane (DM). De bij-
behorende, PI-b-PFS blok copolymeren vertoonden geen tekenen van kristal-
lisatie binnen de gehanteerde tijdsperioden. Tijdrovende annealing om ther-
modynamisch evenwicht te krijgen is overbodig, wat deze blok copolymeren
aantrekkelijk maakt voor de beoogde dunne laag toepassingen. Een belan-
grijke thermische overgang in blok copolymeren voor het bepalen van de an-
nealing strategie is die tussen een geordende en een ongeordende morfologie.
Deze overgang is voor de gemaakte polymeren bepaald en bleek afhankelijk te
zijn van het gehalte EM dat in het polymeer gëıncorporeerd is, waarschijnlijk
doordat het EM een iets meer alifatisch karakter van de PFS fase creëert.

De morfologie in dunne lagen van deze polymeren wordt in Hoofdstuk 4
besproken. De amorfe copolymeren vertonen een ordening die op vlakke sub-
straten over meer dan 1 micron reikt, wat uitzonderlijk hoog is voor blok
copolymeren, die gewoonlijk slechts over een paar honderd nanometer coher-
ente orde vertonen. In dunne lagen met een dikte van slechts één laag van
fasegescheiden domeinen zijn de bollen hexagonaal georganiseerd. Door mid-
del van een studie met dynamische ionmassaspectrometrie is een overgang in
de structuur van deze hexagonale pakking naar een BCC morfologie aange-
toond als functie van de laagdikte, waarbij in de BCC structuur het 110 vlak
zich parallel ten opzichte van het substraat bevindt. Deze BCC structuur
was in de gehele laag aanwezig. Beide blokken van PI-b-PFS zijn op het sub-
straat aangetoond, in tegenstelling tot PS-b-PFS, waar PFS het substraat
bevochtigde. De substraatbevochtiging door PI-b-PFS en PS-b-PFS verschilt
dus kwalitatief, waardoor het vergelijken van graphoepitaxiale ordening (or-
dening gëınduceerd door een topologische structuur) van de fasegescheiden
domeinen interessant werd, aangezien de sturende werking in graphoepitaxie
tot dusverre toegeschreven werd aan de aanwezigheid van een moleculaire laag
van slechts één van de blokken op het substraat. Een graphoepitaxiale studie
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van PI-b-PFS wordt daarom in Hoofdstuk 5 gepresenteerd. In groeven met een
diepte van één monolaag van domeinen werd de positie van de blok copoly-
meer domeinen langs de groefwand gedicteerd, ondanks de neutrale bevoch-
tigingsvoorwaarde. Succesvolle positionering van de domeinen op grotere af-
stand van de groefwand werd in lineaire en hexagonale groeven met breedtes
tot 1.3 µm gevonden. De hexagonale groeven vertonen 2D organisatie van
domeinen. In circulaire groeven kwam graphoepitaxiale ordening niet voor.
De gebogen zijwanden veroorzaakten direct naast de groefwanden een druk
op het copolymeer die geabsorbeerd werd door uitrekking of compressie van
de domeinen zelf en door aanpassing van de afstanden tussen de domeinen.

In Hoofdstuk 6 wordt de synthese, karakterisatie en dunne laag morfolo-
gie van een PFS bevattend blok copolymeer gegeven, met als doel polymeer-
substraat interacties in het geval van andere chemische samenstellingen te
bestuderen. PFS-b-polylactide (PLA) werd gesynthetiseerd door gebruik te
maken van zowel anionische als gekatalyseerde ring-openings polymerisatie-
technieken. Het PLA blok vormde een beduidend polairder blok dan de
tot dusver gebruikte blokken, wat sterkere substraat-polymeer interacties tot
gevolg had. In extreem dunne lagen (< 10 nm) resulteerde deze substraatinter-
actie in geaggregeerde PFS structuren op een aan het substraat geabsorbeerde
PLA laag. Dit copolymeer, het eerste voorbeeld van een blok copolymeer
met een organometaal blok en een biodegradeerbaar blok, maakt gemakkeli-
jke fabricage van twee verschillende types structuren mogelijk, die beide als
een sjabloon voor een platform bestaande uit functionele nanodomeinen kun-
nen dienen. Het gebruik van PLA maakt tevens toepassing van milde ets-
technieken, zoals hydrolyse, mogelijk. De gesynthetiseerde blok copolymeren
waren grotendeels amorf, met een overgang van geordende structuren naar een
ongeordende smelt rond 135 ◦C. Bij hogere temperaturen werden ketenbreuk
en transesterficatieprocessen belangrijker in het PLA blok, wat de dunne laag
morfologie bëınvloedde.

In Hoofdstuk 7 wordt het gebruik van PFS bevattende blok copolymeren
in een katalytische toepassing verkend. De vorming van carbon nanotubes
(CNTs, ‘koolstof nanobuisjes’) met gecontroleerde diameters, waarbij gebruik
gemaakt werd van een katalytisch platform gebaseerd op PS-b-PFS, wordt
besproken. Meerwandige carbon nanotubes zijn gemaakt met een nauwe ver-
deling in diameters. De diameters konden bëınvloed worden door de molaire
massa van de precursor blok copolymeren aan te passen en een acetyleen/
waterstof gasmengsel te gebruiken in een chemisch gasfase depositieproces.
De grootte van de CNT diameters nam af in het geval van kleiner wordende
precursordomeinen.
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Tot slot worden in Hoofdstuk 8 als vooruitblik voorlopige resultaten met
betrekking tot amine-functionalisering van PFS gegeven. De beschreven func-
tionalizering maakt routes naar specifieke chemische eindfunctionaliteit van
PFS of overige organische blokken mogelijk, maar ook functionalisering tussen
twee blokken met als doel de fasescheiding tussen twee blokken te versterken.
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APPENDIX B

Image analysis

The procedure employed to construct Voronoi diagrams or pair-distribution
functions from experimental images, obtained from for example AFM or SEM,
is as follows.

The images were filtered to reduce noise, by using an optical transfer func-
tion and filter in the desired fast fourier transform range. From the filtered
image, the domains were recognized by offsetting the pixel brightness. To
each recognized domain a x- en y-coordinate was attributed. The coordinates
were used for calculating the Voronoi diagrams and the pair distribution func-
tion. In the following sections, the procedures are briefly explained and the
MATLAB sequencing used is given.

B.1 Filtering

The image is loaded and the edges of the image are smoothed. A fast 2D
fourier transform (FFT) is performed (Figure B.1) and the optical result is
shown in Figure B.2 (left).

The 2D FFT is used in conjunction with an optical transform function
(OTF) (Figure B.2, right). The width and center of the frequency band is
defined with the parameters ‘sigma2’ and ‘rho max’, respectively. The band is
optically fitted to cover the (first) ring in the FFT. The OTF is superimposed
on the FFT and the values under the band are used for the inverse FFT
transform, which gives the filtered image. The MATLAB sequence is shown
in Figure B.3, and the resulting filtered image is shown in Figure B.4.

The pixels are screened for the brightest pixel with respect to the 4 or 8
neighboring pixels (we used 8 for the sharpest result). When the OTF was
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Figure B.1: MATLAB operation sequence for the 2D fourier transform.

Figure B.2: The 2D Fourier Transform (left), and the corresponding optical transfer
function (right).

well-chosen, and the filtered image gave a satisfying result, each brightest pixel
out of 8 corresponded to a domain and was awarded with x- and y-coordinates
(See Figure B.5). To each pair of (x,y) coordinates a red dot was awarded (see
Figure B.9), and the set of dots was superimposed on the original image for a
visual screening of the match.
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Figure B.3: MATLAB operation for filtering in the 2D FFT regime, using an optical
transfer function.

Figure B.4: The original image (see 4.3) (left), and the filtered image (right).

B.2 Voronoi diagrams

The MATLAB sequence used to calculate the Voronoi diagrams, using the
set of (x,y) coordinates obtained from the filtered image, is shown in Figure
B.6. Colors are awarded to the polyhedrons, depending on the number of
neighbors. The result was either superimposed on the original image, or plot-
ted separately, with colored polyhedrons denoting the number of neighbors.
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Figure B.5: MATLAB operation sequence for finding the local maxima, using the
filtered image.

(Examples can be found in Chapter 4.)
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Figure B.6: MATLAB operation sequence to calculate the Voronoi diagrams, using
the data set of local maxima obtained previously.
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B.3 Pair distribution function

For a detailed description on how to compute the pair-distribution function
(PDF) g(r), see Allen and Thomas. [52] We used the MATLAB sequence given
in Figure B.7 and Figure B.8. First we define a box in the image. The function
g(r) is to be computed for all domains that are located within the box. This
is done by determining all the distances from every single domain in the box
to all other domains. The distances are sorted, after which a value for d(r) is
chosen. The number of distances that are located within each d(r) is given as
a function of r, which results in the function g(r). The parameters influencing
the roughness of g(r) are z, which determines the size of the box and therefore
the number of domains over which g(r) is averaged, and the size of d(r).

Figure B.9 shows the original image in gray scale. The domains are marked
by red dots, obtained through the filtering procedure. In the center of the
image, green marks denote the box. The domains within the box marked with
blue dots were used for the PDF, which is shown in Chapter 4
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Figure B.7: MATLAB operation sequence for the definition of a box of particles in
the middle. For each data point in this box, the distances to all other data points are
calculated.
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Figure B.8: MATLAB operation sequence for the calculation of the pair-distribution
function (PDF) for each data point in the box. The PDF’s of the data points in the box
are averaged for statistical evaluation.
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Figure B.9: The original image with the block copolymer domains marked (red dots).
In the center, a square marked by green brackets denotes the box. The particles in the
box (blue dots) are used for the calculation of the PDF. See also Figure C.13.
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APPENDIX C

Color Figures

A B

Figure C.1: Time-resolved SAXS patterns of IF30/15EM38 at 200 ◦C (A) and time-
resolved SAXS patterns of IF34/11EM52 in an annealing cycle: unannealed (black, solid
line), 130 ◦C (red, solid lines), cooling down to 60 ◦C in 3.5 min (blue, dotted lines) and
room temperature (green, solid lines)(B).
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Figure C.2: G1 Line at the Cornell High Energy Synchrotron Source, used for SAXS
measurements. A) Table setup. B,C) The hot stage setup used for temperature-dependent
measurements.
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Figure C.3: AFM-TM height image (z-range is 10 nm) of a 35 nm film of PI-b-
PFS (A). A sphere-finding algorithm was used to construct a representation with Voronoi
diagrams (B,C) and a pair-distribution function (D).
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Figure C.4: A) AFM-TM height image (z-range is 10 nm) of a PI-b-PFS film (thick-
ness 35 nm), its Voronoi representation (B) and pair-distribution function, with the FFT
shown in the inset (C). The film was annealed overnight at room temperature.
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Figure C.5: AFM-TM height image (z-range is 10 nm ) of a thin film of PI-b-PFS
after O2-RIE exposure and their Voronoi diagram representations, annealed for 5 hours
(A), and annealed for 24 hours (B).
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Figure C.6: Typical substrate patterned by E-beam lithography. A pattern (right
image) consisting of circles, hexagons and lines with different dimensions is written 10 or
more times (left image) on a resistive resin layer and subsequently developed and etched
into a silicon wafer. The groove widths are typically around 300 nm, 500 nm, 800 nm, 1
µm and 1.5 µm.
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Figure C.7: SEM images of PI-b-PFS block copolymer in linear grooves of 800 nm
(top), 1 µm (middle) and 1.3 µm (bottom) width. The films were exposed to an O2-RIE
plasma before imaging.
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Figure C.8: TM-AFM height images (z-range is 20 nm) of the alignment of PFS
domains in square corners of grooves with widths of 300 nm and 1.3 µm. The films were
exposed to an O2-RIE plasma before imaging. The corresponding Voronoi representations
are shown at the right.
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Figure C.9: SEM image of PI-b-PFS block copolymer in a 1.3 µm wide hexagonal
groove, and a Voronoi representation of the domains. The film was exposed to an O2-RIE
plasma before imaging.
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Figure C.10: SEM images of PI-b-PFS block copolymer in hexagonal and circular
pits on silica substrates. The films were exposed to an O2-RIE plasma before imaging.
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Figure C.11: Series of circular pits with diameters of A) 300 nm, B) 500 nm, C) 800
nm, D), 1 µm and E) 1.3 µm and its Voronoi representation (F). The films were exposed
to an O2-RIE plasma before imaging.
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Figure C.12: AFM-TM height (z-range is 80 nm) and phase (z-range is 10◦) images
of a dewetted FL8/34 thin film on mica, showing step

heights of 14.7 nm (red), 33.3 nm (green), and 42.3 nm (black).
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Figure C.13: The original image with the block copolymer domains marked (red
dots). In the center, a square marked by green brackets denotes the box. The particles
in the box (blue dots) are used for the calculation of the PDF.
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