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Abstract
The self-assembly behavior of multi-responsive multiblock copolymers in solution and in thin
film geometry is investigated. Structural studies are performed using mainly light, X-ray and
neutron scattering methods. The effect of various interactions, including segment-segment
interactions, polymer-solvent interactions and electrostatic interactions, as well as external
stimuli, namely temperature and pH, on the self-assembly behavior are systematically probed.
A setup for in situ swelling experiments on polymer films is designed, and a strategy to calculate
and fit two-dimensional grazing-incidence small-angle X-ray scattering (GISAXS) patterns from
nanostructured polymer films is developed.

Zusammenfassung
Die Selbstassemblierung von multiresponsiven Multiblockcopolymeren in Polymerlösung und in
dünnen Polymerfilmen wird untersucht. Zur Strukturuntersuchung werden hauptsächlich Me-
thoden basierend auf Licht-, Röntgen- und Neutronenstreuung verwendet. Der Effekt mehrerer
Wechselwirkungen, darunter Segment-Segment-Wechselwirkungen, Polymer-Lösungsmittel-
Wechselwirkungen und elektrostatischen Wechselwirkungen, als auch der von äußeren Stimuli
wie Temperatur und pH Wert auf das Selbstassemblierungsverhalten wird systematisch erforscht.
Ein Aufbau für die Durchführung von in situ Quellexperimenten an Polymerfilmen wird entworfen,
und eine Strategie zur Berechnung und Datenanpassung von zweidimensionalen Streubildern
aus der Röntgenkleinwinkelstreuung unter streifendem Einfall (GISAXS) an Polymerfilmen wird
entwickelt.
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1. Introduction

Block copolymers have gained increasing amount of attention and research interest over the past
30 years due to their ability to self-assemble into a plethora of different structures in solution,
in the bulk and in confined geometry [1–3]. Applications include, among many others, drug
delivery [4, 5], lithography [6–8], membranes [9, 10], sensors [11, 12], organic photovoltaics [13]
and batteries [14]. For these applications, a precise knowledge and control of the morphology
and long-range order are imperative for best performances. A straightforward way to achieve this
is to change the chemical nature of the block copolymer, which alters the interaction parameter
between the blocks [15]. However, the synthesis is usually challenging and often impossible.
Furthermore, a new block copolymer has to be developed for each application need. Thus,
various other approaches have been proposed to achieve structural control in a more accessi-
ble and adaptable way. In the following, approaches relevant for this thesis are briefly introduced.

One approach is to vary the architecture of the block copolymer, which, especially for linear
block copolymers, is readily done using e.g. RAFT polymerization [16]. In the bulk, diblock
copolymers, which represent the most studied block copolymer architecture consisting of only
two blocks, allow access to the basic lamellar, gyroid, cylindrical and spherical morphologies
[17]. With the addition of just one block, leading to a triblock copolymer, many more complex
morphologies can be achieved [18]. Not surprisingly, the phase diagram is diversified even
more and becomes increasingly complex for block copolymers with more than three blocks
(multiblock copolymers) [19]. Moreover, in solution, multiblock copolymers are able to form
physical gels [20], which have mechanically interesting properties, are reversible and remove the
need of chemical cross-linking. Thus, increasing the number of blocks, i.e., forming multiblock
copolymers, is an efficent way to enhance block copolymer tunability and functionality but
the fundamental understanding is still in its early stages [16, 21]. This is due to the multiple
interaction parameters and volume fractions that have to be considered, which expand the
parameter space immensely compared to block copolymers with fewer blocks.

A second approach is the use of responsive polymers as blocks. Responsive polymers are
polymers which react to an external stimulus with a change of their physical or chemical
properties [22, 23]. These stimuli may include temperature, light, pH or electric fields. Among
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them, temperature and pH are the most studied stimuli, because they offer great potential
for drug delivery and tissue engineering [24]. Temperature-responsive polymers are gener-
ally water-soluble in a certain temperature range and become insoluble, i.e. they collapse
and change their chain conformation, outside of this range [25]. pH-responsive polymers
are weak polyelectrolytes with groups whose charge state depends on the pH value [26, 27].
The ionized groups add inter- and intramolecular electrostatic interactions which strongly
influence the polymeric structures. By combining multiple responsive polymers in so-called
multi-responsive block copolymers, the structure of a single system can be controlled effi-
ciently and in a large range by simply changing the respective stimuli, e.g. in orthogonally
switchable systems [28]. A potential challenge to overcome is the crosstalk between stim-
uli, which oftentimes makes it difficult to predict the combined response to multiple stimuli [29].

The third approach is to make use of polymer dynamics and glassy states. Under suitable
conditions, it is possible to achieve non-equilibrium structures of block copolymers by kineti-
cally freezing them, e.g. by cooling below the glass transition temperature or by removal of
plasticizing solvent. Often, not all blocks have to undergo this transition, as kinetically frozen
blocks may prevent rearrangement and equilibration of the other blocks as well, stabilizing the
whole system. The non-equilibrium structures strongly depend on the processing history, which
can be adjusted in a desired way. Processing protocols include solvent swelling or annealing and
subsequent solvent removal [30, 31] or clever usage of responsive polymers in polymer networks
[32, 33]. Due to their non-equilibrium nature, the knowledge about the formation of the frozen
structures is still limited since it requires a careful, time-resolved investigation of the struc-
ture formation which often entails complex experimental setups and a complicated data analysis.

The focus of this thesis is to improve the fundamental understanding of the structure
formation and structure control of multi-responsive multiblock copolymers in solution and
in thin films, also in the swollen state, thus a combination of the above approaches. While
predictive methods, such as self-consistent field theory (SCFT) simulations [34], exist to predict
the self-assembly behavior of a given block copolymer, there is still a lack of experimental
studies characterizing the self-assembled structures of multiblock copolymers. In this thesis, two
pentablock copolymers are investigated, both having a symmetric A-B-C-B-A type architecture.
Each block has a different functionality and some are based on responsive polymers. The
structures in solution and in thin film geometry are investigated in dependence on various
stimuli and in a time-resolved way during solvent vapor treatment, mainly using a combination
of light, X-ray and neutron scattering methods.

The first pentablock copolymer is based on a previously studied telechelic block copolymer
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which was designed for application as a hydrogel with switchable dynamics [33]. The A
endblocks are random copolymers based on hydrophobic monomers and thermoresponsive
monomers. The intermediate B blocks are based on a pH- and thermoresponsive polymer. The
central C block is hydrophilic. Using a combination of dynamic light scattering (DLS), static
light scattering (SLS), small-angle X-ray scattering (SAXS) and small-angle neutron scattering
(SANS), the structure of micelles formed by this polymer in aqueous solution in dependence
on temperature and pH is elucidated in detail. Furthermore, the charge-dependent morphology
of thin films, achieved by preparing films from different pH-values, as well as the influence of
solvent vapor swelling (SVS) at room temperature and at elevated temperature is probed by
time-resolved grazing-incidence small-angle X-ray scattering (GISAXS).

The second pentablock copolymer is a doubly pH-responsive polymer. The A endblocks are
hydrophobic and the intermediate B blocks are again based on a pH- and thermoresponsive
polymer. The central C block is also pH-responsive. The A and C blocks are glassy at room
temperature. The pH-dependent structures in aqueous solution are investigated using DLS and
SAXS. Insight about the charge state of thick films prepared from different pH values is gained
by Fourier-transform infrared spectroscopy (FTIR). The influence of charge on the morphology
of thin films is investigated by surface-sensitive atomic force microscopy (AFM) measurements
and bulk-sensitive GISAXS measurements.

In the framework of this thesis, a versatile and compact setup for SVS and SVA of thin
polymer films is developed and build. It allows for the use of one or two solvents, as well control
of the mixing ratio of their vapor mixtures. Vapor pressures can be adjusted between zero and
saturated vapor pressure. The setup is temperature-controlled and can not only be heated, but
also cooled. A spectral reflectance device continuously measures the film thickness, which gives
information about the solvent uptake of the film. It is suitable for GISAXS measurements. The
setup was successfully used for in-situ time-resolved GISAXS experiments during a beamtime
at the Elettra Sincrotrone Trieste.

The characterization of the morphologies of block copolymers is a challenging task. Imaging
techniques, such as atomic force microscopy (AFM), scanning electron microscopy (SEM)
or transmission electron microscopy (TEM) are straightforward to analyze, but are limited
to the surface structure and usually require special conditions which prevent in situ studies.
Scattering techniques, such as small-angle X-ray scattering (SAXS) or GISAXS, are able to
probe the whole bulk morphology and can be performed in situ, but often require a non-trivial
and time consuming data analysis to extract the morphology. Furthermore, scattering data
can be ambiguous, especially for multi-component systems. For that purpose, a procedure is
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established in this work to calculate 2D GISAXS patterns and to subsequently fit them to the
experimental ones. This state-of-the-art analysis is applied to all GISAXS data obtained in this
thesis and allows to extract structural information in great detail. This paves the way for a
more quantitative analysis of 2D GISAXS patterns in the future.

After the introduction, a brief background about block copolymers and multi-responsive
polymers is given in chapter 2, followed by an overview of the characterization techniques and
methods in chapter 3. The investigated pentablock copolymers and their functionalities are
introduced in chapter 4. The results are structured in two parts: In part I, the methodological
developments are presented, which include the design of the SVS/SVA setup in chapter 5 and
the strategy to calculate 2D GISAXS patterns in chapter 6. In part II, the experimental results
are summarized in chapters 7-9. Finally, a conclusion of the thesis is given.



2. Background

This chapter introduces basic concepts about the self-assembly of block copolymers, responsive
polymers and ionic polymers, which will be helpful to understand the complex interactions in
multi-responsive multiblock copolymers. First, the properties of block copolymers and their
self-assembly in the melt are discussed. Afterwards, the influence of solvent on the polymer
properties and the self-assembly of block copolymers in solution are described. Then, responsive
polymers are introduced, focusing on pH-responsive and thermoresponsive polymers. Finally,
the effect of electrostatic interactions on block copolymer self-assembly is discussed.

2.1. Phase behavior of block copolymer (BCP) melts

Block copolymers (BCPs) are polymers composed of two or more chemically distinct blocks which
are covalently bound [35]. Various architectures exist, ranging from simple linear architectures
to star-block copolymers and grafted block copolymers to more complex architectures. In
Figure 2.1, the example of a linear diblock copolymer with blocks of monomers (segments)
A and B is given. The correct nomenclature for this case is poly(A)-block-poly(B), which is
simply extended upon addition of blocks. Throughout the thesis, this will often be shortened
to PA-b-PB or just AB.

Figure 2.1: Schematic illustration of a
linear diblock copolymer with blocks of
monomers (segments) A and B having de-
gree of polymerizations of NA = 19 and
NB = 22, respectively. The contour length
of the polymer, L0, and the size of a seg-
ment, b, are indicated.

The number of repeating units, i.e., the number of segments in a BCP chain, is called the
degree of polymerization N . It is the sum of repeating units of each block, which, for the
diblock copolymer in Figure 2.1, is N = NA + NB. Two important characteristic molar masses
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exist: the number average molar mass, Mn, and the weight average molar mass, Mw. They are
calculated by

Mn =

∑
i Mini∑

i ni
(2.1)

Mw =

∑
i M2

i ni∑
i Mini

(2.2)

Here, ni is the number of molecules with molar mass Mi. Due to the statistical polymerization
process, not all polymers in a sample have the same molar mass or length, but follow a
distribution. The spread of the distribution is given by the dispersity, D, which is defined as
D = Mw/Mn ≥ 1 .

The total length of a BCP chain, called contour length L0, is

L0 = Nb (2.3)

where b is the segment length. The volume fraction of a block A in the BCP, fA, is calculated
by

fA =
MA

ρA

(∑
i

Mi

ρi

)−1

(2.4)

where MA and ρA are the molar mass and the mass density of block A, and the summation
runs over all blocks of the BCP.
Segment-segment interactions in BCPs are commonly expressed by the Flory-Huggins interaction
parameter, χij:

χij =
z

kBT

(
εij −

εii − εjj

2

)
(2.5)

Here, z is the coordination number, kB Boltzmann’s constant, T the temperature and εij the
contact energy between segments i and j [36]. In the following, χij = χ will be used. Another
useful definition, based on empirical observations, is

χ = χa +
χb

T
(2.6)

with χa and χb system-specific constants that are often considered as entropic and enthalpic
contributions, respectively. Thus, χb describes the temperature dependence of χ. In the case
of χ < 0, the interaction between A and B is favorable and mixing is promoted. For χ > 0,
the interaction is unfavorable, and the segments try to avoid contact with each other.

For polymer blends, the phase behavior is directly related to the free energy of mixing, ∆Gmix.
According to the Flory-Huggins theory

∆Gmix = kBT n

(
fA

NA
ln fA +

fB

NB
ln fB + χfAfB

)
(2.7)
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with n the number of moles of polymers [37]. The first two terms on the right side of equation
(2.7) are related to the entropic contribution, and the last term is the enthalpic contribution
to the free energy. Since the entropic term scales with N−1 and the enthalpic term with χ, the
phase behavior depends on the product χN . If χN is small or negative, mixing is always favored
and a homogenous phase is formed. If χN is raised above a critical value, (χN)c, macrophase
separation will occur to minimize the free energy. For symmetric polymer blends, (χN)c = 2.

Diblock copolymer phase separation

For BCPs, due to the covalent bond between segments, the Flory-Huggins theory does not
fully describe the phase behavior [35]. The phase separation happens locally on length scales
of 10-100 nm, and is thus called microphase separation.

For diblock copolymers, the critical point is found to be (χN)c ≈ 10.5, i.e., larger than for
an equivalent blend [35]. Different segregation regimes exist: For χN < (χN)c, the blocks mix
and form a disordered phase. It should be noted that, also in the disordered phase, monomer
concentration fluctuations are present, which arise from the connectivity between blocks and
their length scales are in the order of N1/2 [17, 38]. At large enough χN values, the blocks
spontaneously phase separate and form an ordered phase of segregated domains of blocks.
Due to the temperature dependence of χ (equation (2.6), this point is also called the order-to-
disorder transition temperature (ODT). Close to (χN)ODT, the segregation strength is weak
and this regime is thus referred to as the weak segregation limit (WSL). As shown in Figure
2.2a, the composition profile is sinusoidal, i.e., blocks still mix at the domain interfaces. The
domain spacing, D, in this regime scales as D ∝ N1/2. For χN � (χN)ODT, the segregation
strength is strong and blocks fully separate with well defined interfaces, which is referred to as
the strong segregation limit (SSL) (Figure 2.2b). The domain spacing, D, in this regime also
depends on χ and scales as D ∝ N2/3χ1/6. In-between, an intermediate segregation regime
exists, with a composition profile that is neither sinusoidal nor contains pure domains. The
domain spacing scales as D ∝ N4/5 in the intermediate regime [17, 39].

Using the self-consistent mean-field theory (SCMFT) approach, the morphologies of diblock
copolymers in all segregation regimes were predicted [17]. They are found to depend only
on the segregation strength χN and the block volume fraction, fA. A full theoretical phase
diagram is shown in Figure 2.3. The morphologies encountered from fA = 0.0 to fA = 0.5 are
close packed or body centered spheres (S), hexagonally packed cylinders (H), gyroid (G) and
lamellae (L), where the structures are formed by minority A blocks which are embedded in
a matrix of majority B blocks. Upon increasing fA, the morphologies are inverted and the A
blocks form the matrix. These theoretical predictions were confirmed in experimental studies,
which show only small deviations [40, 41].
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Figure 2.2.: One-dimensional composition profiles in the (a) weak (WSL) and (b) strong (SSL)
segregation regimes. The domain spacing, D, is also indicated. Adapted with permission of
Annual Reviews, Inc., from [35]; permission conveyed through Copyright Clearance Center, Inc.

Morphologies of multiblock copolymers

While the phase diagram of diblock copolymers is well known and accurately described by two
parameters, χN and fA, the phase behavior of asymmetric PA-b-PB-b-PC triblock terpolymers
from three distinct monomers A, B and C is much more complex. At the very least, two
volume fractions, e.g. fA and fB, as well as three interaction parameters χAB, χAC and χBC

have to be considered. Additionally, the sequence of blocks often plays a role. For example,
the PA-b-PB-b-PC and PA-b-PC-b-PB sequences may behave differently, especially if there
is an asymmetry between the interaction parameters [1]. Figure 2.4 illustrates some of the
morphologies observed from triblock terpolymers, highlighting their rich phase space. Over the
recent years, many theoretical and experimental studies have explored the vast parameter space
of triblock copolymers. For a small selection, the reader is referred to references [43–48]. One
interesting finding is that the morphologies of symmetric PA-b-PB-b-PA triblock copolymers
are very similar to the corresponding diblock copolymer ones and that the ordered phases are
stable at lower χN [49, 50].

BCPs with more than three blocks have an even larger parameter space and thus an
even higher complexity. For example, with three chemically distinct blocks, 3 distinguishable
sequences are possible in triblock terpolymers. The number of sequences increases to 9 and
24 when the total number of blocks is increased to 4 and 5, respectively [21]. Including the
many different ways to tune the chemical properties of each blocks (therefore changing the
interaction parameters) leads to an seemingly endless amount of possibilities. While theoretical
frameworks exist to predict the phase behavior of a specific multiblock copolymer, such as the
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Figure 2.3.: Theoretical phase diagram of diblock copolymers. Adapted with permission from
[17]. Copyright (1996) American Chemical Society. 3D illustration of the morphologies (taken
from [42]) are shown on top. S: body centered cubic spheres; H: hexagonally packed cylinders;
G: gyroid; L: lamellae; CPS: close packed spheres; DIS: disordered.

self-consistent field theory (SCFT) [51], mapping out the full phase space is a tremendous task,
which has to be aided by experimental results as well. Nevertheless, studies on such systems
exist. Some examples are given in the following.

Wu et al. have investigated linear (SI)n multiblock copolymers, based on n multiples of an
SI diblock base (S and I are styrene and isoprene, respectively) [52]. They found a decrease of
the ODT with increasing n, indicating that the required block segregation strength for phase
separation is reduced in multiblock copolymers.

A SISO tetrablock terpolymer, where S, I and O are styrene, isoprene and ethylene oxide,
respectively, has been studied by Zhang et al. [53]. The interaction parameters follow
χSI < χSO � χIO, such that contact between I and O is highly discouraged. At fO = 0.09 -
0.19 and fS/fI = 2/3, a spherical morphology forms with O spheres on a P6/mmm hexagonal
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Figure 2.4.: Illustrations of morphologies formed by PA-b-PB-b-PC triblock terpolymers. Re-
produced from [1] (https://doi.org/10.1063/1.882522), with the permission of the American
Institute of Physics.

lattice. The inner S block is suggested to form a shell around the O spheres to prevent contact
between I and O, while the outer S block either mixes with I or is also part of the shell.

Nagata et al. investigated an S’(IS)4IS’ undecablock copolymer, where S and I are again
styrene and isoprene, and the S’ blocks are much longer than the S and I blocks [54]. This
polymer forms a lamellar morphology, with repeating units of one thick S lamella followed by
three thin I-S-I lamellae. Thus, two lengthscales are realized in this system.

In SCFT simulations, specific model systems with a drastically reduced parameter space have
been addressed so far. Liu et al. studied the phase diagram of ABCA tetrablock terpolymers
under the conditions fB = fC and χABN = χACN in 2D space [55]. Choosing two values of
χBCN , representing weak and strong segregation between the B and C blocks, they constructed
fA-χABN phase diagrams featuring a multitude of different morphologies. They also predicted
a number of metastable morphologies, which are mainly due to enthalpic contributions to the
free energy.

Most relevant for this thesis is the work by Liu et al., who studied the phase behavior of
symmetric ABCBA pentablock terpolymers in SCFT 3D simulations [19]. Symmetric blocks
A and B having the same size and equal interaction parameters in the strong segregation
regime with χABN = χACN = χBCN = 80 are assumed. Since the morphologies of BCPs
depend largely on the volume fractions of the blocks (unless the interaction parameters are very
asymmetric), their work gives a great overview of the potential morphologies of pentablock
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Figure 2.5.: Theoretically predicted morphologies of symmetric ABCBA pentablock terpolymers
in the case of χABN = χACN = χBCN = 80 in dependence on the volume fractions of segments.
(a) fA and fB along fC = 0.1. (b) fB and fC along fA = 0.1. Morphologies observed are spheres
(S), cylinders (C), gyroids (G), lamellae (L), diamond phases (D), hexagonally perforated lamellae
(HPL) and F ddd structures. Colors indicate segments A (blue), B (red) and C (green). Adapted
with permission from [19]. Copyright (2015) American Chemical Society.

terpolymers. Two regions of the phase diagram are shown in Figure 2.5: In (a), fA and fB

are varied while fC = 0.1 is kept constant. In (b), fB and fC are varied while fA = 0.1 is kept
constant

In Figure 2.5a, it is seen that the polymer is disordered at fB > 0.75, i.e., all blocks fully mix.
From fB ≈ 0.75 - 0.65, a spherical morphology with A and C spheres in a B matrix is observed.
The A spheres first transform into cylinders and then into a continuous gyroid phase as fB is
decreased from 0.65 - 0.55. From fB ≈ 0.55 - 0.40, a double A/C diamond phase is found.
Until this point, the intermediate B blocks are the majority blocks and thus form the matrix, in
which A and C blocks form separate structures due to their natural separation in the ABCBA
sequence. For fB < 0.4, the A blocks form the matrix and various core-shell structures, where
C is the core and B the shell, exist, including hexagonally packed cylinders and spheres on a
BCC lattice. At small values of fB, the B blocks mix with the A blocks and form a matrix for
the C spheres.
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In Figure 2.5b, it is seen that the polymer is disordered at fB > 0.78. From fB ≈ 0.78 - 0.65,
spheres or cylinders are formed by the C block. Between fB ≈ 0.65 and 0.4, mixed morphologies
of cylinders, spheres, gyroid or lamellae of C blocks and A spheres are observed. For fB < 0.45,
the C block forms the matrix, and the A and B blocks associate towards core-shell structures.

The above examples showcase the potential of multiblock copolymers for precise structure
control. Compared to the almost fully understood diblock copolymers, the fundamental
understanding of the phase behavior of multiblock copolymers is still in its early stages. To
accurately predict their morphology, extensive experimental work, aided by theory, is needed.

2.2. Block copolymers in solution

Single polymer chains in solution are not fully stretched due to the high entropy penalty, but
form random coils with average end-to-end distance 〈Ree〉 (Figure 2.6).

Figure 2.6.: Schematic illustration of a polymer coil with end-to-end distance Ree and radius of
gyration Rg.

For ideal chains, neglecting excluded volume effects [56]

〈Ree〉 ' bN1/2 (2.8)

and for real chains, it is found that

〈Ree〉 ' bN3/5 (2.9)

In each case, the radius of gyration of the polymer chain, 〈Rg〉, is, for N � 1, given by

〈Rg〉 =
〈Ree〉√

6
(2.10)
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Different concentration regimes are distinguished, as depicted in Figure 2.7 [56]: In dilute
solutions, the polymer chains are well separated and do not interact (φp < φ∗; φp is the polymer
volume fraction). At the overlap concentration, φ∗, the chains are in contact and become
overlapped, which is referred to as semidilute solutions. In concentrated solutions, all chains are
overlapped and have limited space (φp > φ∗∗). Typical values for the transitions are φ∗ ≈ 0.01

and φ∗∗ ≈ 0.2− 0.3 [56].

Figure 2.7.: Concentration regimes of polymer solutions. From left to right: Dilute solu-
tion; semidilute solution; concentrated solution. φ∗ is the overlap concentration and φ∗∗ the
concentrated solution limit.

This is the case for good solvents which fully dissolve polymer chains, i.e., the interaction
between solvent molecules and polymer is favorable. In poor solvents, the interaction is unfa-
vorable, and the polymer collapses into so-called globules and precipitates. Thermodynamically,
this is explained by the free energy of mixing of a polymer-solvent mixture in the Flory-Huggins
theory

∆Gmix = kBT n

(
φp

N
lnφp + (1− φp) ln (1− φp) + χPSφp(1− φp)

)
(2.11)

which is similar to the free energy of polymer blends (equation 2.7). χPS is the interaction
parameter between polymer and solvent (conceptually similar to segment-segment interaction
parameter in equation 2.5 and 2.6). For the case of χPS < 1/2, the solvent is considered to be
a good solvent and behaves as a real chain (equation 2.9), while for χPS > 1/2 it is a poor
solvent. At χPS = 1/2, the solvent is called a theta solvent and the polymer chain behaves as
an ideal chain (equation 2.8) [56].
χPS can be estimated using the solubility parameters of polymer and solvent [57]

χPS =
Vref

kBT
(δp − δs)

2 + χS (2.12)
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where Vref is a reference volume, δp and δs are the solubility parameters of polymer and solvent,
respectively, and χS is a constant which predicts the entropic contribution to the interaction
parameter. A value of χS = 0.34 is often used [58]. The segment-segment interaction
parameter for polymers can also be estimated from their solubility parameters according to [59]

χ =
Vref

kBT
(δA − δB)2 (2.13)

where δA and δB are the solubility parameters of polymers A and B, respectively. However, the
real χPS and χ values may deviate substantially from these estimations.

2.2.1. Dilute solutions and micelle formation

The blocks in block copolymers often have different solubilities. If a solvent is a good solvent
for some blocks, but a poor solvent for the other blocks, it is called a selective solvent. If the
solvent is a good or bad solvent for all blocks, it is called a non-selective solvent. A well known
example are amphiphilic BCPs, which have both hydrophilic and hydrophobic blocks. Thus,
water is a selective solvent for these systems.

In selective solvents, amphiphilic BCPs are molecularly dissolved as unimers below the critical
micelle concentration (CMC). As the concentration is increased above the CMC, the additional
polymer chains associate and form micelles, while the concentration of unimers stays constant
[60, 61]. This behavior is schematically illustrated in Figure 2.8 for amphiphilic AB diblock
copolymers. The hydrophobic B blocks of the unimers are collapsed, while the hydrophilic
A blocks are fully swollen by the selective solvent. At concentrations above the CMC, the
hydrophobic B blocks associate and form a core which is surrounded by a water-rich shell of
hydrophilic A blocks.

The free energy per chain, Fchain, of such an self-assembled structure is given by [62–64]

Fchain = Finterface + FA + FB (2.14)

Finterface is the interfacial energy at the core-shell interface, which depends on the three
interaction parameters, χAB, χAS and χBS, where subscripts A and B stand for the blocks and
S is the solvent (see equation 2.13). Due to the temperature dependence of χ, the transition
from unimers to micelles can also be induced by temperature, which is referred to as the critical
micelle temperature (CMT). In dilute solutions, Finterface primarily depends on χBS, while for
concentrated solutions, χAB is a governing factor.

FA and FB are the free energies of blocks A in the shell and blocks B in the core, respectively.
FB is generally small and negligible. FA depends on the core radius, Rcore, the shell thickness,
Hshell, and the surface area per chain at the core-shell interface, s [64].
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Figure 2.8.: Schematic illustration of unimers and spherical micelles formed by diblock copolymers
in selective solvents separated by the critical micelle concentration (CMC) or the critical micelle
temperature (CMT). The hydrophobic blocks are shown in red and the hydrophilic blocks in blue.
The core radius, Rcore, the shell thickness, Hshell and the surface area per chain at the core-shell
interface, s, are indicated, the latter by a green ellipse.

Not included in equation 2.14 is the entropy of solvent molecules, which is found to play a
role when the segregation strengths are low [65].

In the case of Hshell/Rcore � 1, the shell is significantly larger than the core and the micellar
aggregates are referred to as starlike micelles. In the opposite case of Hshell/Rcore � 1, the
aggregates are called crew-cut micelles. Starlike micelles are typically spherical, while crew-cut
micelles can also have a cylindrical or lamellar shape. To predict the shape of micelles, a
packing parameter, P , has been proposed

P =
VB

sLB
(2.15)

where VB and LB are volume and contour length of hydrophobic blocks B, and s is the surface
area per chain at the core-shell interface. If P ≤ 1/3, the shape is spherical, if P ≤ 1/2 it is
cylindrical and for P ≈ 1 it is lamellar. If P > 1, inverse micelles are formed [36, 66].
The average number of polymer chains in a micelle is called the aggregation number, Nagg.
For spherical, starlike micelles, it is given by [64]

Nagg ' N
4/5
B

(
s2γBS

kBT

)6/5

(2.16)



16 Chapter 2. Background

with γBS the surface energy of the interface between block B and solvent S, which is proportional
to χBS. Thus, Nagg depends on the degree of polymerization of the hydrophobic blocks and on
the strength of interactions between hydrophobic blocks and solvent molecules.

The above discussion holds true for dynamic diblock copolymer micelles in thermodynamic
equilibrium. This assumes that, during micelle formation, either induced by an increase of
concentration, change of solvent condition or temperature, polymer chains are constantly
exchanged between micelles and unimers. Even after initial micelle formation, there is a
continuous exchange of polymer chains between micelles, such that the system can equilibrate.

In reality, the exchange dynamics may be slow compared to the experimental time scales.
This might be due to entanglement between polymer chains, glassy blocks or high activation
energies (large values of γBS) [67]. As a result, single polymer chains are kinetically trapped
and ”frozen”, out-of-equilibrium micelles are observed.

Micelles of multiblock copolymers

In amphiphilic multiblock copolymers, the micelle formation strongly depends on the sequence
of blocks. The simplest case are triblock copolymers with two distinct blocks: hydrophilic
block A and hydrophobic block B. This configuration allows for two sequences, ABA and BAB,
which, as is schematically shown in Figure 2.9, behave differently.

Figure 2.9.: Schematic illustration of micelles formed by amphiphilic triblock copolymers in
solvents selective for the A blocks. Two cases are distinguished: On the left, ABA-type copolymers
form starlike micelles similar to their diblock counterparts. On the right, BAB-type copolymers
form flower-like micelles and may have dangling ends or build intermicellar bridges.

In an A selective solvent, ABA-type triblock copolymers form starlike micelles. Their
behavior is conceptually similar to the one of AB diblock copolymers with half the degree
of polymerization, NAB = NABA/2 [68, 69]. The most studied example of ABA-type triblock
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copolymer micelles are the so-called Pluronicsr, which consist of hydrophobic poly(propylene
oxide) and hydrophilic poly(ethylene oxide) [5, 70, 71].

In comparison, BAB-type triblock copolymers have a more complex behavior [68, 72–74].
If both B blocks are located in the same micellar core, the A blocks have to form loops (see
Figure 2.9). Such micelles are also referred to as flower-like micelles. The loops impose a free
energy penalty on the A blocks, since both its ends are localized at the core-shell interface.
At the same time, unfavorable contact between B segments and solvent is reduced. The free
energy penalty associated with loops, Floop, is [72]

Floop ≈
kBT

3
ln (πχABNA) (2.17)

Following equation 2.5, the free energy penalty associated with a B block in contact with the
solvent, FBS, is

FBS ≈ kBTχBSNB (2.18)

Loop formation is favorable in the case of Floop < FBS. For Floop > FBS, loops are unfavorable
and dangling ends are formed instead (see Figure 2.9). Thus, among others, unfavorable
interactions between blocks B and solvent, as well as long B blocks, favor loop formation. As a
consequence of the additional free energy of Floop (flower-like micelle) or FBS (dangling ends),
the CMC of BAB-type triblock copolymers is larger than for equivalent ABA-type triblock
copolymers or AB diblock copolymers [68].

An extension of dangling ends are interconnected micelles, where the free B block is located
in the core of another micelle and the A block forms a bridge. Monte Carlo simulations have
shown that loops, dangling ends and bridges coexist [74]. Their fractions depend on the
polymer concentration: close to the CMC, the fraction of dangling ends is high and few loops
or bridges exist. With increasing concentration, the fraction of dangling ends decreases and
the fraction of loops and bridges increases.

Micelles with dangling ends and bridges have a reduced chain density at the core-shell
interface, which is why BAB-type triblock copolymers have higher aggregation numbers and
larger micellar sizes compared to ABA-type triblock copolymers [74].

Accordingly, amphiphilic ABC-type triblock terpolymers have three distinct blocks, of which
either one or two are hydrophobic. The addition of a third distinct block allows for formation
of compartmentalized micelles with various architectures [75]. Four examples are illustrated
in Figure 2.10. If the adjacent B and C blocks are hydrophobic (Figure 2.10a), the outer C
blocks form the inner core of the micelle which is surrounded by a layer of collapsed B blocks.
The layer formation occurs only if χBC is sufficiently large, otherwise the core is formed by a
mixture of B and C blocks. A similar behavior can be imagined in the case where only the C
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blocks are hydrophobic (Figure 2.10b). Instead of being collapsed, the B blocks are swollen
and extend into the solvent. The layer formation occurs with sufficiently large χAB, otherwise
a shell of mixed A and B blocks is formed. If the hydrophobic block C is the central block
(Figure 2.10c), starlike micelles similar to ABA-type micelles are formed if χAB is small. In
this case, A and B blocks are miscible. In the case of large χAB, separation of the A and B
blocks is promoted, which, due to their natural separation in the ACB sequence, is achieved by
formation of a Janus-particle-like micelle (Figure 2.10d) or patchy micelle [76].

Figure 2.10.: Schematic illustration of micelles formed by amphiphilic triblock terpolymers having
blocks of different solubility. (a) ABC-type with hydrophobic blocks B and C. (b) ABC-type with
hydrophobic block C. (c) ACB-type with hydrophobic block C and small χAB. (d) ACB-type with
hydrophobic block C and large χAB. For better visibility, only one chain per micelle is shown.

The above examples show that the parameters influencing the micelle formation and micellar
structure in multiblock copolymer solution are the block solubilities (δ), the segment-segment
interaction parameters (χ), the block length (N), the entropic penalty associated with loop
formation (Floop) and the sequence of blocks.

Regarding amphiphilic multiblock copolymers with more than three blocks, only few studies
have been conducted so far. One studied system are (AB)n-type multiblock copolymers based
on n alternating sequences of amphiphilic AB diblock copolymers [77]. Simulations suggest
that, if n ≈ Nagg,AB, where Nagg,AB is the aggregation number of corresponding AB diblock
copolymer micelles, flower-like micelles based on intramolecular self-association are formed. If
n� Nagg,AB, multi-flower micelles form which are connected by bridges [78]. Experimentally,
Patrickios et al. investigated short sequences with n = 1,2,3, as well as their symmetric
counterparts (AB)nA [79, 80]. The CMC is found to increase with increasing n, which is
explained by the free energy penalty imposed by loop formation, similar to the case of BAB
and ABA triblock copolymers. Furthermore, the number of loops is critical for the size of the
micelles.
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Another widely studied system are symmetric ABCBA-type pentablock terpolymers. In most
cases, either the central C block or the A end blocks are hydrophobic, while the other segments
have various different functionalities. A selection of current work on these systems is given in
references [81–90].

2.2.2. Transient networks from associative BCPs

BCPs with functional and attractive end blocks on both chain ends are called telechelic BCPs
or associative BCPs [73, 91, 92]. The attractive interaction between the end blocks may be
based on, among others, the hydrophobic effect, ionic interactions or hydrogen bonding. Thus,
the simplest example of telechelic block copolymers are BAB-type triblock copolymers in an A
selective solvent, which were introduced in chapter 2.2.1. In the following, they are used as a
model system to highlight the special properties of telechelic BCPs in solution.

In dilute solution, telechelic BPCs form flower-like micelles above the CMC (Figure 2.8).
A certain fraction of dangling ends and intermicellar bridges are present (Figure 2.9). By
increasing the concentration further, the fraction of bridges increases and, at a concentration
called cgel, a transient network is formed [93]. The micellar cores act as cross-links, which are
connected by the soluble midblocks (Figure 2.11) [94–96]. Such water-swollen networks are
also referred to as physical hydrogels.

Figure 2.11.: Schematic illustration of a hydrogel formed by associative, telechelic BCPs at
concentrations larger than cgel. The soluble midblocks build the network (blue) which is cross-
linked by the associated end blocks (red). In the inset, the dynamic and self-healing properties
of these kind of hydrogels is shown: bridges break to dissipate external stress, but reform
spontaneously and reversibly.
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Similar to micelles, chains continuously exchange between cross-links, i.e. bridges reversible
break up and reform. This has a unique influence on the rheological properties of physical
hydrogels compared to covalently cross-linked hydrogels [73, 96–99]. The viscosity, η, or
elastic shear modulus of gels depends on the degree of cross-linking (neglecting physical
entanglements). For hydrogels formed by telechelic BCPs, this is equal to the number of
elastically active bridges. Due to the exchange of chains, the bridges have an average lifetime
(relaxation time), τbridge, which follows an Arrhenius law [100]:

τbridge ∝ exp (Ea/kBT ) (2.19)

Here, Ea is the activation energy of bridge breakage, which is equivalent to the energy needed
to remove an end block from a micellar core. Ea is roughly proportional to equation 2.18, and
thus proportional to NB and χBS. A scaling of Ea ∝ N

2/3
B χBS was proposed by Halperin and

Alexander, taking also the diffusion of the end blocks through the micellar shell into account
[101].

As a result, the rheological properties of hydrogels based on telechelic BCPs have non-linear
behavior, as shown by the example of viscosity as a function of shear rate in Figure 2.12. At small
shear rates (large relaxation times), the viscosity is constant. At these time scales, the effect
of reversible chain exchange/bridge breakage is negligible. At high shear rates, the viscosity
decreases with increasing shear rate, which is called shear-thinning. The viscosity decreases
since more bridges break up than are reformed. Experiments found that in a range of shear
rates, an increase of viscosity is sometimes observed which is referred to as shear-thickening
[94, 102]. Possible explanations for the shear-thickening effects are non-Gaussian behavior of
chains or increased number of bridges [99]. More recently, the repulsive interactions between
interpenetrating micellar cores have been proposed to be responsible for shear-thickening [103].

Since the bridge breakage is reversible, physical hydrogels generally have higher toughness
compared to covalently cross-linked hydrogels and the ability to self-heal [98, 104–106]. Under
high stress, the breakage of bridges is an effective way to dissipate energy and prevent crack
propagation. Furthermore, the bridges are able to reform spontaneously, thus healing any
damages or cracks. This also makes physical hydrogels much more long-lasting than chemical
ones. As a compromise, the low Ea required for these mechanisms reduces the elastic modulus
of the gels significantly.

Still, the intriguing properties of physical hydrogels from telechelic BCPs have great potential
for applications in tissue engineering, drug delivery and replication of biological materials
[106]. In particular, the usage of stimuli-responsive polymers as blocks in telechelic BCPs, thus
resulting in responsive hydrogels, has attracted large research interest due to their tunability
and responsivity to a change in the environment [24, 33, 83, 107–109]. An introduction to
responsive polymers is given in section 2.3.
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Figure 2.12.: Schematic illustration of the viscosity as a function of the shear rate for hydrogels
based on telechelic BCPs displaying shear-thickening and shear-thinning effects.

2.2.3. Concentrated BCP solutions

At high polymer concentrations, segment-segment interactions are the predominant interactions
and govern the self-assembly behavior, but they are altered by the presence of solvent. This
effect is captured by an effective segment-segment interaction parameter, χeff :

χeff ≈ χφβp (2.20)

The exponent β depends on the quality of the solvent: Non-selective solvents swell all blocks
equally and thus reduce the segregation strength by screening the repulsive interactions. Values
of β range from 1.3 to 1.6 for non-selective solvents [110]. Selective solvents enhance the
segregation strength, and β has values smaller than 1 or negative values [111].

In an implicit model, the solvent selectively partitions into some blocks and increases their
volume fraction [112]. This may enable an order-order transition (OOT): If the sphere-forming
block in a diblock copolymer is selectively swollen, it transforms to cylinders and later lamellae
(see phase diagram in Figure 2.3). Multiple studies have focused on this effect and found many
solvent induced OOTs in diblock copolymers [31, 111, 113–116].

In addition to altering the phase behavior of BCPs, most solvents have a plasticizing effect,
i.e. they reduce the glass transition temperature, Tg, of the blocks upon mixing. The glass
transition temperature of the polymer in the mixture, Tg,mix, can be estimated using the Fox
equation [117]

1

Tg,mix
=

wp

Tg
+

1− wp

Tg,solvent
(2.21)

where wp is the weight fraction of polymer in the mixture and Tg,solvent is the glass transition
temperature of the pure solvent.



22 Chapter 2. Background

A good example of a concentration-dependent phase diagram is given in Figure 2.13 for the
case of a non-selective solvent and a selective solvent [111]. As a diblock copolymer, PS-b-PI
with fPS = 0.23 was used, which, in the bulk, forms PS cylinders in a PI matrix. In Figure
2.13a, the case of the non-selective solvent is shown. In the melt (φp = 1.0), the ODT is found
at ∼250 °C and Tg at ∼100 °C, which is the glass transition of polystyrene. Upon dilution,
both the ODT and Tg decrease with decreasing φp, thus following the expected behavior given
by equations 2.20 and 2.21. The addition of solvent promotes disorder and the temperature
range, where the polymer is glassy, is smaller.

Figure 2.13.: T -φp phase diagram of poly(styrene)-block-poly(isoprene) (PS-b-PI) diblock
copolymer with fPS = 0.23 in (a) a non-selective solvent and (b) a PS-selective solvent. Self-
assembled structures include cylinders (C), lamellae (L), spheres (S) and gyroid (G), where
subscripts denote the minority phase and superscripts the lattice order, as well as micelles.
Regions of disorder, the order-disorder transition temperature (ODT) and the glass transition
temperature, Tg, are indicated. Adapted with permission from [111]. Copyright (2002) American
Chemical Society.

The case of a PS-selective solvent is shown in Figure 2.13b. Tg decreases, but faster than
for the non-selective solvent. This is due to the solvent selectively swelling only the glassy
PS blocks, whereas the non-selective solvent is distributed between the non-glassy PI blocks
and the PS blocks. The ODT decreases for φp > 0.6, similar to the non-selective case, but at
a lower rate, indicating that the exponent β in equation 2.20 is small. For comparison, the
ODT of the non-selective solvent is shown as a red dashed line. For φp < 0.6, the ODT is
approximately constant. Overall, the ODT is much higher for the selective solvent, i.e. the
ordered phases are more stable. Below the ODT, various morphologies different from the bulk
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are identified. The minority component changes from PS to PI with increasing amount of
solvent due to the selective solvent uptake of the PS blocks. At small φp, micelles are found,
as expected for dilute and semidilute diblock copolymer solutions in a selective solvent.

The above example showcases the multiple effects of solvent on the self-assembly behavior
of BCPs. Solvent vapor annealing (SVA) has emerged as a powerful method to exploit the
resulting advanced structure control and mobility enhancement [30, 116, 118–121]. Briefly,
the BCP is exposed to an atmosphere of saturated solvent vapor for a certain amount of time
(typically several minutes to few hours), which causes the BCP to swell and become mobile.
Non-selective solvents heal defects and remove kinetically frozen, non-equilibrium artefacts.
Selective solvents additionally may lead to highly ordered morphologies different from the
bulk. By removing the solvent fast, i.e. making the BCP glassy and immobile quickly, the
non-equilibrium structures in the swollen states can be maintained in the dry state since they
are kinetically frozen.

2.3. Stimuli-responsive polymers

Stimuli-responsive polymers are polymers which respond to a small external stimulus with
a strong, reversible change in their physiochemical properties [22, 23, 29, 122, 123]. They
are also often called smart polymers. The stimuli include temperature, light, pH, mechanical
force, chemical changes or electromagnetic fields. Some typical responses are illustrated in
Figure 2.14. An initial random coil may change its conformation and collapse (Figure 2.14a) or
elongate (Figure 2.14b), or split due to a chemical bond cleavage (Figure 2.14c).

Figure 2.14: Examples of physio-
chemical changes of responsive poly-
mer upon an external stimulus. (a)
Collapse of polymer chain. (b) Elon-
gation of chain. (c) Bond cleav-
age/breakage.

Incorporated in BCPs, responsive polymers greatly influence the self-assembly behavior.
For example, micelles reversible form from diblock copolymers where both blocks are initially
soluble, but one block becomes insoluble upon an external stimulus. The reversible structure
control is of large interest for many applications, including biomedical applications [124–127],
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smart films and surfaces [128–131], tissue engineering [107, 132] and switchable membranes
[133–135].

In the following, details about pH-responsive and thermoresponsive polymers will be given,
and multi-responsive polymers are discussed.

2.3.1. pH-responsive polymers

pH-responsive polymers are weak polyelectrolytes, which have ionizable groups that vary in
their degree of ionization, α, depending on the pH value of the solution [27]. The pH at which
half the ionizable groups are ionized is called dissociation constant, pKa. Two charge types
exist: Cationic polyelectrolytes become positively charged at small pH values, whereas anionic
polyelectrolytes become negatively charged at high pH values. α is estimated by [136]

α =
1

1 + 10±(pKa−pH)
(2.22)

The ± is negative in the case of cationic and positive for anionic polyelectrolytes. An example
of α as a function of pH for cationic and anionic polyelectrolytes, both having an pKa of 7,
is given in Figure 2.15. It can be seen that in a relatively small pH range around the pKa,
polyelectrolytes change from uncharged to fully charged. Thus, they are responsive to pH.

Figure 2.15.: Degree of ionization as a function of pH for a cationic (blue line) and a anionic
(red line) polyelectrolyte, both having an pKa of 7.

The hydrophilicity of polyelectrolytes is greatly enhanced with increasing α due to the higher
polarity of the polymer chain. Additionally, intramolecular interactions between charged groups
and electrostatic interactions between charged groups and counterions influence the polymer
chain conformation. Two length scales are commonly used to describe these interaction [26].
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The Bjerrum length lB is the distance at which the Coulomb potential between two monovalent
charges is equal to the thermal energy, and the former can thus be neglected for larger length
scales. It is given by

lB =
e2

4πεrε0kBT
(2.23)

e is the elementary charge, εr is the dielectric constant of the medium and ε0 is the vacuum
permittivity.

Counterions (and salt ions, if they are present), due to their opposite charge, screen the
Coulomb potential. The length scale at which the potential has decreased by 1/e is called the
Debye screening length, λD, and it is given by

λD =

(
4πlB

∑
i

ciq
2
i

)−1/2

(2.24)

where ci are concentrations of ions with valency qi.
The charges, which are assumed to be distributed equally along the polyelectrolyte chain,

repel each other, which leads to an elongated chain conformation. The end-to-end distance in
the elongated direction in dilute solutions of a good solvent and without screening effects is
approximated by [26]

Ree ≈ bNu1/3α2/3
[

ln
(

eN
(
uα2
)2/3
)]1/3

(2.25)
with u = lB/b. Thus, the polymer chains elongate (stretch) with increasing α, and therefore
show a strong response around the pKa.

2.3.2. Thermoresponsive polymers

All polymers are sensitive to a change of temperature. Thermoresponsive polymers display
sudden changes in their solubility and chain conformation at a specific temperature. The
transition is often a coil-to-globule transition, where a soluble polymer chain, which forms a
random coil (see Figure 2.6), becomes insoluble at the transition temperature and collapses
to a globule. The transition temperature is also called cloud point temperature, Tcp, and is
concentration dependent.

Two types of thermoresponsive polymers are distinguished, which are summarized in Figure
2.16. For polymers with lower critical solution temperature (LCST) type behavior, the coil-to-
globule transition is induced by increasing the temperature (Figure 2.16a). The LCST is thereby
the lowest temperature where the transition is observed. Inversely, for upper critical solution
temperature (UCST) type behavior, the transition is induced by decreasing the temperature
(Figure 2.16b). Here, the UCST is the highest observed temperature of the transition. UCST-
type behavior is found for many polymers in organic solvents, whereas LCST-type behavior is
mainly found in aqueous solutions [137].



26 Chapter 2. Background

Figure 2.16.: Temperature-concentration phase diagram of thermoresponsive polymers displaying
(a) LCST-type and (b) UCST-type behavior. The soluble and insoluble phases are separated by a
dashed line. Examples of coil-to-globule transitions at a specific concentration are indicated with
colored arrows. The LCST, UCST and Tcp for one concentration are marked.

Thermodynamically, the behavior of thermoresponsive polymers is a result of a complex
balance of enthalpic and entropic contributions to the free energy. In its most basic form, the
free energy of mixing is given by

∆Gmix = ∆Hmix − T ∆Smix (2.26)

where ∆Hmix and ∆Smix are the mixing enthalpy and mixing entropy, respectively. In the
Flory-Huggins theory, this resolves to equation 2.7 for polymer blends and equation 2.11 for
polymer solutions. Assuming that ∆Hmix and ∆Smix are independent of temperature, four
cases can be imagined [25].

For ∆Hmix > 0 and ∆Smix < 0, ∆Gmix is positive at all temperatures and therefore the
polymer is always insoluble. Accordingly, for ∆Hmix < 0 and ∆Smix > 0, ∆Gmix is negative at
all temperatures and the polymer is always soluble. Thus, the polymers are non-responsive in
the above two cases.

In the case that both ∆Hmix and ∆Smix are positive, ∆Gmix is positive at temperatures below
a critical temperature Tc and negative above. The polymer changes from insoluble to soluble
with increasing temperature, which corresponds to the UCST-behavior (Figure 2.16b). Tc is
comparable to Tcp and is given by

Tc = ∆Hm/∆Sm (2.27)

In the opposite case where both ∆Hmix and ∆Smix are negative, ∆Gmix is negative at tem-
peratures below Tc and positive above. The polymer changes from soluble to insoluble with
increasing temperature, which therefore corresponds to the LCST-behavior (Figure 2.16a).
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In the classical Flory-Huggins theory, ∆Smix is always positive (see equation 2.11), which
means that LCST-type behavior would not be possible. Additional polymer-polymer and
segment-solvent interactions, which are not explicitly considered in the Flory-Huggins theory,
include hydrophobic interactions, hydrogen bonding and ionic interactions. Temperature
dependent free volume changes and solvent entropy are also neglected [25].

This is especially the case for aqueous solutions, where the entropy of water molecules is a
significant contribution to ∆Gmix. Water molecules form hydration shells around hydrophobic
entities in the polymer segments, which lowers the entropy of water upon mixing. This effect
might compensate for the entropy gain of the polymer chain and lead to overall negative values
of ∆Smix.

Some of the additional contributions mentioned above are indirectly captured in the empirical
interaction parameter given in equation 2.6. In the case the constant χb is positive, χ decreases
with increasing temperature, which is equivalent to UCST-type behavior. If χb is negative,
χ increases with increasing temperature, and LCST-type behavior is achieved [138]. A full
theoretical description of thermoresponsive polymers is still missing.

The transition temperature (Tcp or Tc) of a thermoresponsive polymer can be tuned
by copolymerization, leading to so called random copolymers. The additional segments
change the enthalpy-entropy balance and make the polymer chain overall more hydrophobic or
hydrophilic. For example, the transition temperature of LCST-type polymers is reduced upon
copolymerization with hydrophobic segments [139, 140].

2.3.3. Multi-responsive polymers

Polymers which respond to more than one stimulus are called multi-responsive polymers
[141]. The multi-response is sometimes found in single homopolymers. For example, poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) is both pH- and thermoresponsive [142, 143].
More often, multi-responsive polymers are based on BCPs with blocks that are responsive to
different stimuli [144, 145]. The drastic changes in the properties of the blocks upon a stimuli
offer great control of the self-assembly behavior of BCPs [146].

In Figure 2.17, the simplest example of a diblock copolymer with pH- and thermoresponsive
blocks is given. The thermoresponsive block displays LCST-type behavior and the pH-responsive
block is a cationic polyelectrolyte. This configuration enables switching between three states:
At temperatures below Tc, both blocks are hydrophilic, and the diblock copolymer is fully
dissolved as unimers (Figure 2.17a). The unimers are also present at high concentrations and
therefore differ from the unimers at low concentrations shown in Figure 2.8. Upon heating
above the Tc, the thermoresponsive block becomes insoluble and micelles form spontaneously



28 Chapter 2. Background

(Figure 2.17b). Finally, by decreasing the pH below the pKa, the micellar radius is increased
due to stretching of the ionized polyelectrolyte blocks (Figure 2.17c).

Figure 2.17.: Schematic illustration of the self-assembly behavior of a pH- and thermoresponsive
diblock copolymer based on an LCST-type block and an cationic polyelectrolyte block. (a) For
T < Tc, both blocks are hydrophilic and fully dissolved. (b) For T > Tc, micelles spontaneously
form. (c) Due to stretching of the polyelectrolyte block in the shell, the micellar radius increases
for pH < pKa.

Cross-talk between various stimuli in multi-responsive BCPs may lead to a behavior of blocks
that differs from their respective homopolymers [29]. For instance, it has been shown that
the Tc of LCST-type polymers depends also on the pH value [147]. This is not surprising,
considering that the complex thermodynamic balance responsible for thermoresponsive behavior
(see section 2.3.2) is disrupted by the presence of ionic species.

2.4. Effect of electrostatic interactions on block
copolymer self-assembly

The discussions in chapters 2.1 and 2.2 about the self-assembly of BCPs in the melt and in
solution assume neutral conditions, i.e., absence of charges and electrostatic interactions. In
this chapter, an overview of the effect of charges on the self-assembly behavior is given.

Charges in BCPs are either free or fixed to the polymer chains. Free charges include
counterions and salt ions, while fixed charges are present as ionized or sulfonated segments. In
the following, overall charge neutrality and only one type of fixed charges are assumed. Thus,
zwitterionic polymers and polyampholytes are not considered. Furthermore, the addition of
salts is not taken into account here.
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Counterions play an important role in the self-assembly behavior of BCPs. Counterions
preferentially dissolve in media with high dielectric constant εr, which leads to two scenarios
that can be distinguished.

For BCPs in the melt and in non-polar solvents, the counterions selectively dissolve in the
charged blocks, since they usually are the medium with highest polarity (higher εr) (Figure
2.18). The selective counterion solubilization generally enhances the segregation strength
between charged and uncharged blocks, as well as between charged blocks and non-polar
solvent [148–150]. Theoretically, this is captured with an effective interaction parameter

χeff ≈ χ + Cα (2.28)

with C a system specific constant and α the fraction of charged segments in the charged block
[148]. The effect is expected to shift the uncharged phase diagram vertically and downwards
as shown in Figure 2.18a. Apart from counterion solubilization, the electrostatic interaction
between counterions and fixed charges on the chain is of relevance as well [148, 151]. The
strength of this interaction is expressed by

ΓC =
e2

8πε0εrkBTre
(2.29)

which is the Coulomb potential at a distance of 2re, where re is the radius of the charges, in
units of the thermal energy kBT [148]. For ΓC < 1, the interaction is weak and negligible,
while for ΓC > 1, local charge ordering is observed which is also called charge cohesion. Due to
charge cohesion effects, the phase diagram becomes asymmetric, which is indicated in Figure
2.18b. One effect is that, in the melt, the charged block forms the matrix rather than phase
separated domains, even if it is the minority block. Thus, charging BCPs enables access to
inverse morphologies.

The enhancement of segregation strength and shifting of phase boundaries of BCPs upon
addition of charges has been demonstrated in recent years in experimental studies on diblock
copolymers with one charged block and one uncharged block. A selection of studies is given in
references [152–157].

For BCPs in polar solvents, the solvent is generally the medium with the highest polarity
and therefore dissolves the counterions. Assuming that the Debye screening length λD is large
(see equation 2.24), counterions play only a minor role in the self-assembly behavior. Instead,
the fixed charges on the polymer chains have long-range repulsive interactions, similar to
polyelectrolytes in good solvents (see section 2.3.1). In concentrated solutions of charged BCPs,
polar solvents are therefore expected to weaken the counterion solubilization effect (equation



30 Chapter 2. Background

Figure 2.18.: Schematic illustration of a diblock copolymer with one charged block (blue color)
and one uncharged block (red color) in the melt or in non-polar solvents. The charged segments
along the polymer chain and the free counterions are indicated as positive and negative charges,
respectively. The fraction of charged segments in this case is α = 0.5, i.e., half of the blue
segments are charged. (a) Case of small values of ΓC. The counterions are located in the
charged block domain, but the strength of electrostatic cohesion is weak. The theoretical phase
diagram shown at the right is shifted vertically and downwards according to equation 2.28. (b)
For large values of ΓC, electrostatic cohesion becomes relevant and shifts the phase boundaries
asymmetrically in the theoretical phase diagram. The uncharged phase diagram is shown in light
grey. Adapted by permission from Springer Nature, Nature Materials, Copyright 2014 [148].

2.28). In dilute solutions, aggregation, e.g. formation of micelles, is hindered since the charged
blocks, which form the shell due to their affinity to the polar solvent, are interacting repulsively.
High charge densities therefore increase the free energy of the micelle. Apart from a stretching
of the charged blocks (see equation 2.25), this leads to a reduction of the aggregation number
Nagg to reduce the density of chains at the core-shell interface [158, 159].

In flower-like micelles, loop formation is unfavorable and instead the charged blocks stretch
out and form dangling ends or bridges [160]. The increased tendency to form bridges reduces
the concentration cgel required to form a transient network in associative BCPs [161, 162].



3. Methods

This chapter introduces the methods and experimental techniques employed in the thesis.
Dynamic light scattering (DLS) was used to determine the hydrodynamic radius of micelles
and aggregates in solution, and static light scattering (SLS) was used to obtain their scattering
signal on large length scales. The inner structure of the micelles was probed using small-angle
X-ray and neutron scattering (SAXS/SANS). Grazing-incidence small-angle X-ray scattering
(GISAXS) provided information about the morphology of thin films, and was performed in-situ
during solvent vapor swelling (SVS) to follow the structural changes in a time-resolved way.
The surface structure of films was characterized using atomic force microscopy (AFM). The
molecular structure and charge state of films was measured using Fourier-transform infrared
spectroscopy (FTIR).

3.1. Dynamic and static light scattering (DLS/SLS)

In light scattering, a sample is illuminated by monochromatic coherent light, and the scattered
light intensity is evaluated as a function of scattering angle and/or time. The typical experi-
mental setup is shown in Figure 3.1. Laser light with a wavelength λ is directed to the sample,
which is typically a solution in a quartz cuvette, and is scattered. At a scattering angle θ, the
scattered light intensity I (t, θ) is recorded as function of time, t, by a photodetector. I (t, θ)

is further proccesed in two different ways, which highlight the difference between dynamic
and static light scattering. In static light scattering, the average scattered light intensity is
evaluated in dependence on the scattering angle and provides the scattering signal of particles
at large length scales. In dynamic light scattering, the fluctuations of the scattered light
intensity with time are evaluated and provide information about the diffusion of the particles.

31
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Figure 3.1.: Schematic illustration of a light scattering setup. Laser light with wavelength λ

scatters from the sample. At a scattering angle θ, the scattered light intensity I (t, θ) is recorded
as a function of time by a photodetector. A correlator transforms the signal into the normalized
autocorrelation function g2(τ , θ).

Static light scattering

In SLS, the average scattering intensity is recorded as a function of q. To obtain the scattering
intensity of the sample in absolute units, ISLS(q), the scattering from the solvent has to be
subtracted and the intensity has to be normalized by a standard sample [163].

ISLS(q) =
〈I (t, q)〉t − 〈Isolvent(t, q)〉t

〈Istandard(t, q)〉t

(
n

nstandard

)2

Rstandard (3.1)

Here, Isolvent and Istandard are the separately measured intensities of solvent and standard sample,
respectively. nstandard is the refractive index of the standard sample and Rstandard is its Rayleigh
ratio. n is the refractive index of the polymer solution. In this work, toluene is used as a standard,
which has refractive index of ntoluene = 1.49 and a Rayleigh ratio of Rtoluene = 1.34 × 10−5

cm−1 at λ = 632.8 nm [164].
SLS is used as a complementary method to SAXS and SANS (see chapter 3.2). Due to

the larger wavelength of the laser compared to X-rays and neutrons, the scattering intensity
is obtained at smaller q values. This extends the range of probed length scales up to the
micrometer scale [165–167].

Dynamic light scattering

In dilute solutions of small particles (such as micelles), the main source of intensity fluctuations
is their Brownian motion, i.e., translational diffusion. To extract the information about the
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diffusion of the particles, the normalized intensity autocorrelation function g2(τ , θ) is computed
by a correlator according to

g2(τ , θ) =
〈I (t, θ)I (t + τ , θ)〉t

〈I (t, θ)〉2t
(3.2)

which correlates the intensity at time t with the intensity after a delay time τ and averages
over all times. At small values of τ , the particles have not diffused far and the intensities are
still strongly correlated. With increasing τ , the intensities become increasingly uncorrelated.
Therefore, the decay of g2(τ , θ) contains information about the diffusion of the particles. The
normalized field autocorrelation function, g1(τ , θ), is related to g2(τ , θ) by the Siegert relation

g2(τ , θ)− 1 = β |g1(τ , θ)|2 (3.3)

where β is a setup-dependent coherence factor, which is typically ≤ 1 [168]. The Siegert
relation holds true for ergodic systems with non-interacting particles at sufficiently high number
density, which is usually satisfied for dilute polymer solutions.

In case of monodisperse particles, the decay follows a single exponential function according
to

g1(τ , θ) = e−Γτ = e−τ/τ0 (3.4)

with decay rate Γ or decay time τ0. The translational diffusion coefficient, Dt, of the particles
is given by

Dt =
Γ

q2
=

1

τ0q2
(3.5)

Here, q is the scattering vector, which is defined by

q =
4πn

λ
sin

(
θ

2

)
(3.6)

where n is the refractive index of the sample solvent. For translational diffusion, Dt is
independent of the scattering angle. To test this, DLS measurements are often performed
at several scattering angles. A linear relation between Γ vs. q2 is an indication of purely
translational diffusion. The hydrodynamic radius, Rh, of the particles is related to Dt by the
Stokes-Einstein equation

Rh =
kBT

4πηDt
(3.7)

with Boltzmann’s constant kB, solution temperature T and solvent viscosity η. Rh is the radius
of an equivalent sphere with the same diffusion coefficient as the particles.

Particles with a size distribution show a non-exponential decay. This can be taken into
account by using a stretched exponential function [169, 170]

g1(τ , θ) = e−(Γτ)ν = e−(τ/τ0)ν (3.8)
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The exponent ν is a measure of the dispersity of the particles, where a value of 1 reproduces
the monodisperse case and values smaller than 1 indicate dispersity. The average decay time
of the stretched exponential decay is 〈τ0〉 = τ0ν

−1Γ(ν−1), where Γ(x) is the Gamma function.
Another way to describe size distributions or systems with multiple particle sizes is the use

of a decay time distribution, G (τ0). In this case, the autocorrelation function is a sum of
individual decays

g1(τ , θ) =

∫
G (τ0)e−τ/τ0dτ0 (3.9)

with
∫

G (τ0)dτ0 = 1. Using equations 3.5 and 3.7, G (τ0) can be converted to a distribution
of hydrodynamic radii, G (Rh). Fitting equation 3.9 to the experimental data is an ill-posed
problem. In this work, the regularized positive exponential sum (REPES) method is used to fit
the autocorrelation functions [171]. It minimizes the expression[

g2,exp(τ)−
∣∣∣∣∫ G (τ0)e−τ/τ0dτ0

∣∣∣∣2
]2

+ κR (3.10)

where g2,exp(τk) is the experimental data, R is a regularizor and κ a weighting term. In the
REPES software, R is the second derivative of G (τ0) and is used to ensure a smooth form of
G (τ0), at the cost of increasing the error of the fit. κ is calculated according to a predefined
Probability to Reject, PtR . PtR has values between 0 and 1. For 0, minimization of the error
of the fit is prioritized, while for 1 the smoothness of G (τ0) is prioritized. Typically, PtR = 0.5

is chosen as a compromise between the two cases, and gives the most probable solution.

Instrument

All DLS and SLS measurements were performed using a LS spectrometer from LS Instruments
(Fribourg, Switzerland). The laser source was a polarized HeNe laser from Thorlabs (Dachau,
Germany) with a maximum power of 21 mW and a wavelength of 632.8 nm. Two avalanche
photodiode detectors, operated in pseudo cross-correlation mode, were used as photodetectors,
which were placed on a goniometer arm to allow variation of the scattering angle between
∼15° and ∼150°. The solutions were filled in cylindrical quartz cuvettes with a diameter of 5
mm and a wall thickness of 0.4 mm. The temperature of the samples was adjusted by placing
them in a heatable bath of the index-matching solvent decalin (mixed cis and trans). The
autocorrelation functions were obtained from a two channel multi tau correlator.
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In a typical measurement procedure, several scattering angles were probed and multiple
autocorrelation functions were recorded at each angle. Subsequently, the autocorrelation
functions at each angle were averaged after removing outliers. The analysis was performed
using one of the methods described above, and the determined decay rates Γ were plotted
against the scattering vector q. If a linear trend was observed, the translational diffusion
coefficient Dt was obtained from the slope of linear fits, which, using equation 3.7, yields the
hydrodynamic radius.

3.2. Small-angle X-ray and neutron scattering
(SAXS/SANS)

SAXS and SANS are widely used techniques to investigate the structural properties of polymer
solutions and solids at length scales of ∼1–100 nm [172]. The typical instrumental setup is
the same in both techniques and is illustrated in Figure 3.2. The sample is illuminated in
transmission mode by collimated X-rays or neutrons with wavelength λ and wave vector kkk i. The
intensity of scattered X-rays or neutrons is recorded by a 2D detector at a sample-to-detector
distance sdd as a function of the scattered wave vector kkk f . Elastic scattering is assumed,
i.e., |kkk f | = |kkk i| = 2π/λ. In this thesis, dilute solutions are investigated which usually scatter
isotropically. In that case, the scattering intensity is isotropic, and depends only on the
magnitude of the scattering vector qqq

q = |qqq| = |kkk f − kkk i| =
4π

λ
sin

(
θ

2

)
(3.11)

Figure 3.2.: Schematic illustration of a small-angle scattering setup. X-rays or neutrons with
wavelength λ and wave vector kkk i illuminate the sample in transmission mode and are scattered.
The scattered wave vector is kkk f which depends on the scattering angle θ. The scattered intensity
is recorded by a 2D detector at sample-to-detector distance sdd as a function of the scattering
vector qqq = kkk f − kkk i.
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Typical values of λ are 0.1–0.2 nm for SAXS and 0.1–1.0 nm for SANS. Since small angles
are probed, sdd is large, ranging from tens of centimeters up to 30 meters.

The difference between X-rays and neutrons lies in their interaction with matter. X-rays
interact with the electrons of atoms, and the strength of the interaction, called scattering length
b, therefore increases with increasing atomic number. Furthermore, b is wavelength dependent
for X-rays. Neutrons interact with the nuclei of atoms and b is variable and sensitive to
isotopes. Additionally, due to spin coupling, an incoherent background is present, expressed by
the incoherent cross section σinc. For neutrons, b is independent of the wavelength. The values
of b and σinc of atoms commonly found in polymers are given in Table 3.1. Two important
conclusions are that H and D have the same b-value for X-rays, but are distinguishable for
neutrons, and that H has a very high incoherent cross section.

Atom H D C N O

bX−ray[10−12 cm] [173] 0.282 0.282 1.696 1.982 2.269

bneutron[10−12 cm] [174] -0.374 0.667 0.665 0.940 0.580

σinc[10−24 cm2] [175] 80.26 2.05 0.001 0.5 0

Table 3.1.: Scattering length b for X-rays and neutrons, and neutron incoherent cross section
σinc of selected atoms. Values of bX−ray are given at a wavelength of 0.154 nm.

Single atoms cannot be resolved in small-angle scattering. Therefore, it is more convenient
to use the scattering length density, ρ, of a material to describe the interaction. It is given by
the sum of scattering lengths in a representative molecular volume, Vm, of the material divided
by Vm.

ρ =
1

Vm

∑
i

bi (3.12)

Vm depends on the mass density ρm of the material and can be calculated by Vm = M/(ρmNa)

where M is the molar mass and Na is the Avogadro constant.
The scattering amplitude of an ensemble of scatterers, A(q), is the Fourier transform of the

spatial distribution of scattering length densities, ρ(rrr) [176].

A(qqq) =

∫
V

ρ(rrr)e iqqq·rrr dV (3.13)

A(qqq) is a complex function and may contain imaginary numbers. The detector in the experiments
records the scattered intensity, Idet(qqq), which is proportional to the square of A(qqq).

Idet(qqq) = K |A(qqq)|2 (3.14)
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K is a constant which is given by [176]

K = I0∆ΩηdetT V (3.15)

where I0 is the intensity of the incoming X-rays or neutrons, ∆Ω is the solid angle of the
detector, ηdet is the detector efficiency, T is the sample transmission and V is the illuminated
sample volume. The information about the structure of the sample is therefore given by

I (qqq) =
Idet(qqq)

K
(3.16)

I (qqq) is called the differential cross section, scattering function or normalized intensity. For
isotropic scatterers, I (qqq) may be reduced to I (q) through azimuthal integration.

Due to a finite beam size, wavelength spread and detector resolution, I (q) is smeared. It was
shown that these effects can be accounted for by assuming q to be normally distributed with a
standard deviation ∆q [177]. The smeared scattering function, Ismear(q), then has the form

Ismear(q) =

∫ ∞
0

[
2π (∆q)2

]−1/2

exp

[
−
(

q′ − q)

2∆q

)2
]

I (q′)dq′ (3.17)

For SAXS, ∆q is generally small, especially in pin-hole geometry, and is usually neglected. For
SANS, significant wavelength spreads lead to larger values of ∆q and smearing has to be taken
into account.
For the dilute polymer solutions investigated in the present thesis, assuming Np particles with
volume Vp and scattering length density ρp in a solvent of scattering length density ρs, I (q)

has the general form [176]

I (q) = NpV 2
p (ρp − ρs)

2 F (q)S(q) + Icbg (3.18)

F (q) is the form factor of the particles, which describes their size and shape. S(q) it the
structure factor and describes the correlation between particles. Icbg is a q-independent,
constant background. The term (ρp − ρs) is also referred to as the scattering contrast, ∆ρ. In
the case of small ∆ρ, the scattered intensity might be low compared to Icbg, which makes the
analysis of F (q) and S(q) more difficult. Thus, ∆ρ needs to be sufficiently large. In SANS,
this is achieved by using deuterated solvent. D2O, for example, has a scattering length that
differs strongly from non-deuterated components (see H and D in Table 3.1).

Scattering model of core-shell micelles

To describe micelles formed by telechelic BCPs, the scattering model of core-shell micelles,
which also form small clusters, as described by Lund et al. was used [178, 179]. A schematic
overview of the scattering model is given in Figure 3.3. The scattering function has the form

I (q) =
φp

Vmic
[fcluNcluSclu(q) + (1− fclu)] Fmic(q) + Icbg (3.19)
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φp is the polymer volume fraction and Vmic is the micellar volume. fclu is the fraction of
clusters, which consist of Nclu micelles with form factor Fmic(q) which are randomly connected
by bridges. The correlation between micelles in the clusters is described by the structure factor
Sclu(q). The structure factor is given by [180]

Sclu(q) =
2

1− sin(qDclu)/qDclu
− 1−

2
[

1− (sin(qDclu)/qDclu)Nclu

]
Nclu (1− sin(qDclu)/qDclu)2

sin(qDclu)

qDclu
(3.20)

where Dclu is the average distance between micelles.

Figure 3.3.: Schematic illustration of parameters used to describe micelles and clusters formed
by telechelic BCPs in dilute solution. Nagg single chains aggregate and form micelles which have
both loops and dangling ends. A fraction of the micelles, fclu, are connected by bridges and form
clusters of Nclu micelles. The other parameters are described in the text.

The form factor of the core-shell micelles is a sum of four contributions: the scattering of
the core, Ac(q), the scattering of the shell, Ash(q), the scattering from single chains in the
shell, B(q), and a cross term between core and shell.

Fmic(q) =∆ρ2
cN2

aggV 2
c Ac(q)2

+ ∆ρ2
shNagg (Nagg − B(0)) V 2

shAsh(q)2

+ 2∆ρc∆ρshN2
aggVcVshAc(q)Ash(q)

+ ∆ρ2
shNaggV 2

shB(q) (3.21)
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Nagg is the aggregation number of the micelles. Vc and Vsh are the volumes of the blocks in the
core and in the shell, respectively. Assuming a telechelic BAB-type BCP, they are calculated by

Vc =
(1 + floop)VB

1− fwater
(3.22)

Vsh = VA + (1− floop)VB (3.23)

where VA and VB are the volumes of blocks A and B, respectively, floop is the fraction of chains
in the micelle that form loops and fwater is the volume fraction of water in the micellar core.
∆ρc = ρc − ρs and ∆ρsh = ρsh − ρs are the scattering contrasts of core and shell with respect
to the solvent, respectively. ρsh is equal to ρA, and ρc is a function of the solvent content in
the micellar core

ρc = fwaterρs + (1− fwater)ρB (3.24)

The scattering contributions of core and shell are

Ac(q) =
3 (sin(qRc)− qRc cos(qRc))

(qRc)3 e−q2σ2
int/2 (3.25)

Ash(q) =
1

C

∫ ∞
Rc

4πr 2nsh(r)
sin(qr)

qr
dre−q2σ2

int/2 (3.26)

Rc is the radius of the core, σint the roughness of the core-shell interface and C is a normalization
constant calculated by

C =

∫ ∞
Rc

nsh(r)4πr 2dr (3.27)

nsh(r) is the density profile of the shell, which is chosen as

nsh(r) = r−x

[
1 + exp

(
r − Rm

σmRm

)]−1

(3.28)

Rm is the total radius of the micelle, σm is the relative width of the micellar surface and x is a
scaling exponent describing the steepness of the decay of the density profile. In this work, x is
fixed at a value of 4/3, which was found for star-like micelles [181].

In the core-shell model, Rc is not an independent variable, but is calculated by

Rc =

[
3NaggVc

4π (1− fwater)

]1/3

(3.29)

The scattering from chains in the shell is approximated by

B(q) =
Pchain(q)

1 + νchainPchain(q)
(3.30)

where νchain describes the interaction between the chains and Pchain(q) is the Beaucage model.

Pchain(q) = e−q2R2
g,shell/3 +

df

Rdf
g,shell

Γ

(
df

2

)[
erf(kqRg,shell/

√
6)3

q

]df

(3.31)
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Rg,shell is the radius of gyration of chains in the shell, df is their fractal dimension and k is a
constant fixed at 1.06 [182]. Γ (x) and erf(x) are the gamma function and the error function,
respectively. νchain is approximately 0 for theta conditions, positive for attractive interactions
and negative for repulsive interactions [183].

Scattering model of dissolved chains

Single polymer chains dissolved in a solvent are modeled using the Debye function[184]

IDebye(q) = I0,Debye
2 (e−x + x − 1)

x2
(3.32)

x = (qRg)2

I0,Debye is the scattering amplitude and Rg is the radius of gyration of the polymer chain.

Scattering model of surface scattering

In the case of large aggregates or particles beyond the resolution, only the scattering from their
surface is detected by small-angle scattering. It is described by the Porod model

Iporod(q) = I0,porodq−p (3.33)

with Porod amplitude I0,porod and exponent p. For smooth surfaces, p is equal to 4 and
3 < p < 4 indicates a rough surface. Values 1 < p < 3 indicate a mass fractal [185].

Instruments

SANS experiments were performed at the KWS-1 instrument at the Heinz Maier-Leibnitz
Zentrum (MLZ) in Garching, Germany [186, 187], operated by the Jülich Centre for Neutron
Science (JCNS). Using a Dornier velocity selector, the neutron wavelength was set to λ = 5
Å, and the wavelength spread to ∆λ/λ = 0.1. Measurements were performed at sample-to-
detector distances of 1.5, 8 and 20 m with exposure times of 300, 1200 and 1800 s, respectively.
The achieved q-range was 0.003 to 0.445 Å−1. The detector was a scintillation detector with
128 × 128 channels. The obtained intensities were corrected for detector efficiency, background
noise, sample transmission and scattering from the solvent (D2O). Plexiglass was used as a
secondary standard. After azimuthal averaging, the normalized intensity I (q) was obtained.
Samples were mounted in quartz cuvettes (Hellma 110-QS) with a path length of 2 mm.
The temperature of the sample was controlled using a thermostated sample holder (Peltier).
Temperatures were stabilized for at least 5 min before measurements. Data reduction and
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merging of the scattering curves obtained at the different sample-to-detector distances was
performed using the software QtiKWS provided by JCNS.

SAXS experiments were performed on two in-house instruments. The first instrument was a
S3-Micro Kratky camera from HECUS (Austria). The Cu K-alpha source provided X-rays with
a wavelength of 0.154 nm and a beam dimension of 0.1 × 0.2 mm2 (width × height). The
detector was a Pilatus 100K with a pixel size of 172 µm. The sample-to-detector distance was
291.5 mm. Temperatures were controlled using a thermostated sample holder (Peltier), and
were equilibrated for several minutes before performing a measurement. The solutions were
filled in cylindrical quartz capillaries with a diameter of 1.5 mm. The azimuthally averaged
intensities were corrected for scattering from the solvent-filled capillary and the transmission.
Water was used as a standard to obtain the scattering function in absolute units.

The second instrument was a GANESHA 300XL from Xenocs (Grenoble, France). The
X-rays were generated by a Cu K-alpha source and had a wavelength of 0.154 nm. The
detector was a Pilatus 300K with a pixel size of 172 µm. Measurements were performed at two
sample-to-detector distances of 406.2 and 1056.2 mm to cover a larger q-range. Azimuthally
averaged scattering curves at both distances were corrected for transmission and subtracted by
scattering of pure water, and were subsequently merged. The temperature was controlled using
a Julabo heating circulator. Solutions were loaded in quartz capillaries with a diameter of 1.5
mm. Before each measurement, the temperatures were equilibrated for at least a few minutes.

3.3. Grazing-incidence small-angle X-ray scattering
(GISAXS)

GISAXS is a powerful technique to investigate nanostructured surfaces and thin films [188].
The technique is non-invasive and, if intense synchrotrone radiation is used, measurements
can be performed with high time resolution, which makes it an excellent technique for in situ
experiments. The typical experimental setup is shown in Figure 3.4. An X-ray beam with
wavelength λ and wave vector kkk i impinges on the sample under shallow incident angle αi (<
1°) with respect to the surface. A 2D detector at sample-to-detector distance sdd records
the scattered intensity as a function of the in-plane scattering angle αf and the out-of-plane
scattering angle θf , which define the scattered wave vector kkk f . In GISAXS, elastic scattering is



42 Chapter 3. Methods

assumed and |kkk i| = |kkk f | = k0 = 2π/λ. The scattering vector qqq is given by qqq = kkk f − kkk i and
has the three components

qx = k0 [cos(αf) cos(θf)− cos(αi)]

qy = k0 [cos(αf) sin(θf)] (3.34)
qz = k0 [sin(αf) + sin(αi)]

Figure 3.4.: Schematic illustration of a typical GISAXS setup. An X-ray beam with wave vector
kkk i impinges on the sample under shallow incident angle αi. The scattered intensity is recorded
by a detector at sample-to-detector distance sdd as a function of the in-plane angle αf and
out-of-plane angle θf , which define the scattered wave vector kkk f . The position of direct beam
and reflected beam on the detector are indicated.

In GISAXS, incident angle and exit angles are small. Therefore, qx ≈ 0 is negligible and
qz is, in good approximation, the component of the scattering vector normal to the surface
of the film, while qy is the parallel component. Thus, both the vertical (qz) and lateral (qy)
dimensions of films are probed.

Due to the small incident angle, the beam cross section projected on the sample (called
beam footprint) is significantly larger than the beam size. The length of the footprint in beam
direction, H , is calculated by

H =
h

sin(αi)
(3.35)

where h is the height of the incident beam. The large footprint increases the scattering volume
and scattered intensity significantly.
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In contrast to SAXS, where the X-ray beam is directed on the sample in transmission mode,
reflection and refraction events contribute to the scattering signal in GISAXS. They depend on
the complex refractive index of the material, which is given by

n = 1− δ(λ) + iβ(λ) (3.36)

where δ(λ) is the dispersion coefficient and β(λ) the absorption coefficient. In the following,
the wavelength dependence of δ and β will be implied. Assuming an air-substrate interface,
the incident beam is partially reflected as well as transmitted and refracted. A critical incident
angle αc can be defined below which the beam is almost fully reflected. Assuming β � δ, it is
calculated from the dispersion coefficient of the substrate by

αc =
√

2δ (3.37)

The reflection coefficient, r , transmission coefficient, t, and penetration depth, Λ, are calculated
by [188]

r =
αi −

√
α2

i − α2
c − 2iβ

αi +
√
α2

i − α2
c − 2iβ

(3.38)

t =
2αi

αi +
√
α2

i − α2
c − 2iβ

(3.39)

Λ =

[
−2k0Im

(√
α2

i − α2
c − 2iβ

)]−1

(3.40)

where Im(x) gives the imaginary part of x . Examples of r , t and Λ as a function of the incident
angle are given in Figure 3.5. At αc, the reflectivity drops sharply and the transmittivity is
maximum. The penetration depths increases from a few nanometers to 102-104 nanometer
in a narrow range of incident angles around αc. Thus, the scattering signal is mostly surface
sensitive for αi < αc and becomes bulk sensitive for αi > αc.

Similar to SAXS, the scattering of particles is described by their scattering cross section,
I (qqq) [188].

I (qqq) =
k2

0

16π2

∣∣n2
p − n2

l

∣∣2 |F(qqq)|2 (3.41)

np is the refractive index of the particles and nl is the refractive index of the surrounding layer.
The surrounding layer may be air (particles on top of film or substrate), a film (particles inside
a film) or the substrate (particles inside the substrate). F(qqq) is the form factor of the particles
in the framework of the Distorted Wave Born Approximation (DWBA). As an extension of the
Born Approximation (BA), which is used in SAXS, where only one scattering event is considered,
F(qqq) is written as the coherent sum of four scattering events which include reflection of the
beam before and/or after the scattering from the particle. The four terms are schematically
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Figure 3.5.: Fresnel coefficients as a function of the normalized incident angle αi/αc and for
several ratios of β/δ and λ = 0.1 nm. (a) Reflectivity R = |r |2. (b) Transmittivity T = |t|2. (c)
Penetration depth Λ. Typical ratios of β/δ for polymers are 0.001− 0.01.

shown in Figure 3.6. In the case of particles on top of a substrate (Figure 3.6a), F(qqq) is given
by [188]

F(qqq) =F (qqq‖, kz,f − kz,i)

+ riF (qqq‖, kz,f + kz,i)

+ rfF (qqq‖,−kz,f − kz,i)

+ rirfF (qqq‖,−kz,f + kz,i) (3.42)

where ri and rf are the reflection coefficients of the incident and scattered wave, respectively,
and F (qqq) is the simple BA form factor of the particles. For each term, the components of
the scattering vector parallel to the surface, qqq‖ = (qx, qy), are the same. The component
normal to the surface is different for each term and is calculated from the normal wave vector
components of incident beam (kz,i) and scattered beam (kz,f), as given in equation 3.42.

In the case of particles in a film, which is on top of a substrate, transmission and refraction
of the incident and scattered beam at the air-film interface have to be taken into account as
well (Figure 3.6b). Additionally, attenuation of the wave amplitude in the film and interference
between waves reflected at the air-film and film-substrate interface play a role.

The interplay between reflection and transmission coefficients (equations 3.38 and 3.39) and
the form factors evaluated at different qqq gives rise to an enhancement of scattering intensity
around the critical angles of the sample layers referred to as the Yoneda peak [189]. GISAXS
data are often evaluated at or close to the Yoneda peak because of better statistics.

The shape of the Yoneda peak depends on the position of the particles in the sample. Three
cases are exemplary shown in Figure 3.7 using the form factor of standing cylinders. For
particles on top of a substrate (Figure 3.7a), the scattered intensity is rather high for exit angles
below the critical angle and drops sharply at the critical angle. The behavior is dominated
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Figure 3.6.: Schematic illustration of the four scattering terms considered in the DWBA for
(a) particles on top of a substrate and (b) particles inside a film which is on top of a substrate.
The refractive index of film and substrate are nfilm and nsub, respectively. The reflection (r) and
transmission (t) coefficients of incident wave (index i) and scattered wave (index f) are indicated.
The waves part of the scattering event are drawn in black. In (b), the refraction at the air-film
interface is not drawn.

by the reflection coefficient (Figure 3.5a) and becomes less pronounced upon increasing the
incident angle. For particles inside a substrate (Figure 3.7b), the peak is sharp and resembles
the shape of the transmission coefficient (Figure 3.5b). At exit angles below the critical angle,
the intensity is much lower compared to particles on top of the substrate. In this simple
example, it is possible to determine the position (on top of or inside the substrate) of the
particles by the shape of the Yoneda peak.

The common case of particles or nanodomains in a film supported by a substrate is shown
in Figure 3.7c, where the critical angle of the film is smaller than the one of the substrate.
The two critical angles limit a region of enhanced intensity referred to as the Yoneda band.
Additionally, the interference pattern of the film thickness overlaps strongly with the scattering
signal from the particles, and characteristic fringes appear in the in-plane direction.

For completeness, the corresponding 2D scattering patterns of the three form factors in



46 Chapter 3. Methods

Figure 3.7.: Form factor of standing cylinders with height h = 4 nm and radius r = 10 nm as
a function of the normalized in-plane scattering angle αf/αc and for θf = 0 at various incident
angles αi. (a) Cylinders on top of a substrate with refractive index δsub. (b) Cylinders inside a
substrate. (c) Cylinders inside a film with thickness H = 10h which is on top of a substrate. The
refractive index of the film is δfilm = δsub/3.

Figure 3.7 are shown in Figure 3.8. Instead of plotting them as a function of the exit angles
θf and αf , the axis are converted to represent the scattering vectors qy and qz, respectively,
according to equation 3.34.

Figure 3.8.: 2D scattering patterns of standing cylinders with height h = 4 nm and radius
r = 10 nm as a function of the scattering vectors qy and qz. The incident angles correspond to
the green curves in Figure 3.7 (vertical dashed lines show the linecut position). The position of
the reflected beam is indicated by a red cross. (a) Cylinders on top of a substrate with refractive
index δsub. (b) Cylinders inside a substrate. (c) Cylinders inside a film with thickness H = 10h

which is on top of a substrate. The refractive index of the film is δfilm = δsub/3.

The correlation between particles is expressed by a structure factor S(qqq), similar to SAXS. If
multiple particle sizes are present, correlations between different particles are generally unknown
and approximations have to be made. The most common approximations are the Decoupling
Approximation (DA) and the Local Monodisperse Approximation (LMA) [188]. In the DA, the
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correlations between different kind of particles are neglected and a global structure factor is
assumed

IDA(qqq) ∝ |〈F(qqq)〉|2 S(qqq) (3.43)

Thus, in the DA the structure factor is combined with an average form factor. In the LMA,
the different particles are considered to be fully separated in independent sub-domains. In this
case, the total scattering is an incoherent sum of the individual sub-domains

ILMA(qqq) ∝
∑

i

Wi |Fi(qqq)|2 Si(qqq) (3.44)

which runs over the i different particles which contribute to the scattering function with a
weight Wi.

The analysis of GISAXS data is non-trivial, because the full information of the 2D patterns
recorded by the detector cannot be reduced to 1D profiles by azimuthal averaging, and the
background cannot be accurately measured and subtracted. Additionally, analytical models
have to account for the DWBA. In this work, a procedure to calculate 2D scattering patterns
of nanostructured thin films supported by a substrate using the software BornAgain [190, 191]
was developed. In the calculations, the background is accounted for explicitly. The calculated
patterns are subsequently fitted to the experimentally obtained patterns using appropriately
chosen regions. Details of the procedure are given in chapter 6.

Instruments

GISAXS experiments were performed at two synchrotron beamlines. The first beamline was D1
at the Cornell High Energy Synchrotron Source (CHESS). X-rays with wavelength 0.117 nm
were used and the beam size was 0.5 mm × 0.2 mm (horizontal × vertical). The scattered
intensity was recorded by a PILATUS3 200k detector (487 × 407 pixels) with pixel size 172
µm which was positioned at a sample-to-detector distance of 1781 mm. This resulted in a
q-resolution of 5.2 × 10−3 nm−1 pixel−1. The setup was calibrated using silver behenate [192].
2D scattering patterns were recorded with an exposure time of 2 s. After each measurement,
the sample chamber was moved sideways by 0.5 mm to expose a different spot of the sample to
the X-ray beam and prevent beam damage. The sample chamber was a custom-made chamber
built by the group of Prof. Dorthe Posselt at the Roskilde University.
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The second beamline was the Austrian SAXS beamline at the Elettra Sincrotone Trieste
(ELETTRA). X-rays with wavelength 0.155 nm were used and the beam size was 1.0 mm
× 0.15 mm (horizontal × vertical). The detector was a PILATUS3 1M (981 × 1043 pixels)
with pixel size 172 µm and the sample-to-detector distance was 1951 mm, which resulted in a
q-resolution of 3.6 × 10−3 nm−1 pixel−1. The setup was calibrated using silver behenate [192].
2D scattering patterns were recorded with an exposure time of 3 s. The custom-made sample
chamber which is introduced in chapter 5 was used in the experiments.

3.4. Solvent vapor annealing and swelling (SVA/SVS)

In SVA and SVS, bulk polymers or polymer films are exposed to a solvent vapor atmosphere.
The solvent is absorbed and influences the polymer self-assembly as described in chapter 2.2.3.

In equilibrium, the polymer concentration in the solvent swollen state, φp, is given by [193]

ln (as) = ln

(
p

p0

)
= χφ2

p + ln(1− φp) +

(
1− 1

N

)
φp (3.45)

where as is the solvent activity, p and p0 are the partial vapor pressure and saturated vapor
pressure of the solvent, respectively, χ is the polymer-solvent interaction parameter, and N

is the degree of polymerization, respectively. Thus, for a given polymer-solvent system, the
amount of solvent absorbed increases with increasing partial vapor pressure, up to a maximum
at p = p0. In the case of polymer films, the swelling ratio, SR, which is defined as the ratio of
swollen film thickness and dry film thickness, is the inverse of the polymer concentration:

SR =
t

t0
=

1

φp
(3.46)

Equation 3.46 assumes one-dimensional swelling, i.e., the lateral dimensions of the films remains
unchanged. An example of SR as a function of p/p0 is shown in Figure 3.9. SR increases almost
linearly at small p/p0 values and more rapidly at higher p/p0 values, starting at approximately
0.7-0.8.

Two types of setups are commonly used for SVA/SVS of polymer films [121]. In the first
type, the sample is placed in a closed chamber with a solvent reservoir at a temperature Ts

(Figure 3.10a). In equilibrium, the solvent vapor pressure is saturated, and the swelling ratio of
the film is maximum. In the second type, the maximum swelling ratio as well as the swelling
rate and drying rate are tunable by a bubbler setup as shown in Figure 3.10b. A carrier gas
flow, which is typically N2, is directed through a bubbler containing the liquid solvent and
subsequently to the sample compartment. The N2 gas is saturated with the solvent vapor in
the bubbler, which installs saturated solvent vapor pressure also in the sample compartment.
To reduce the partial vapor pressure pressure, a second flow of pure N2 is used to dilute the
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Figure 3.9.: Swelling ratio of a polymer film with N = 100 and χ = 0.5 in an atmosphere of
solvent vapor as a function of the solvent activity as = p/p0 calculated according to equation
3.45.

atmosphere. In this case, sample and solvent have temperatures Ts and Tv, respectively, which
are not necessarily the same.

Figure 3.10.: Schematic illustration of two types of setups for SVA/SVS of polymer films. In (a),
the film and a reservoir of solvent are in a closed system at a temperature Ts. The atmosphere in
this case is always saturated, i.e. p = p0 and as = 1 (assuming equilibrium). In (b), the solvent
atmosphere is installed by a constant flow of carrier gas (for example N2) which is saturated with
solvent vapor from an external bubbler. The partial pressure of the solvent vapor is controllable
by mixing with a second flow of pure N2. The temperature of the sample, Ts, and of the solvent
vapor, Tv, are not necessarily the same. The solvent activity at the sample depends on the
saturated vapor pressure at the sample temperature, p0,s.

Assuming a flow rate of N2 through the bubbler of MN (in moles per time), the flow rate of
solvent vapor, Msol, is [194]

Msol = MN
p0

pamb − p0
(3.47)
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where p0 is the saturated vapor pressure of the solvent at temperature Tv and pamb is the
ambient pressure in the system. pamb can be assumed to be 1 bar since the system is open
due to the exhaust. Upon mixing with a gas flow of pure N2, MN,pure, assuming an ideal gas
mixture, the partial vapor pressure of the solvent in the sample compartment is

p = pamb
Msol

Msol + MN + MN,pure
(3.48)

For MN,pure = 0, p = p0 is recovered, as expected.
The difference between temperatures TV and TS play an important role. The solvent vapor is

saturated (p0) at the bubbler at temperature TV. The saturated vapor pressure at the sample,
p0,s, depends on Ts and can be calculated by the Clausius-Clapeyron equation

p0,s = p0exp

[
∆Hvap

R

(
1

Tv
− 1

Ts

)]
(3.49)

where ∆Hvap is the enthalpy of vaporization of the solvent and R is the ideal gas constant. If
Ts is smaller than Tv, p0,s is smaller than p0 and vice versa. Combining equations 3.47-3.49
and assuming MN,pure = 0, the activity of the solvent in the sample compartment is given by

as =
p

p0,s
= exp

[
−∆Hvap

R

(
1

Tv
− 1

Ts

)]
(3.50)

The resulting effects of either mixing the saturated vapor with pure N2 or a temperature
difference are shown in Figure 3.11.

Figure 3.11.: Solvent activity at the sample, as, for the setup shown in Figure 3.10b as a function
of (a) the fraction of pure N2 and (b) the temperature difference between Ts and Tv. In (a),
Ts = Tv is assumed. In (b), MN,pure = 0 is assumed and the enthalpy of vaporization of water
at 300 K was used (∆Hvap = 43.9 kJ/mol). The red shading indicates temperature conditions
at which solvent condensation on the walls of the sample compartment occurs.
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In the framework of this thesis, a versatile SVA/SVS setup of the type shown in Figure 3.10b
is designed. It has three vapor flows, two for solvents and one for pure N2. The temperatures
of solvent and sample are kept equal and are controllable by an external water bath. The setup
is suitable for in situ GISAXS measurements. Details about the design and specifications are
given in chapter 5.

3.5. Spectral reflectance

Spectral reflectance is a useful technique to measure the film thickness of thin films in the range
of 1 nm to 100 µm. Furthermore, the technique is non-invasive, which allows for continuous
tracking of the films thickness during in situ experiments. During the measurement, light
is directed to the film under normal incidence, and the reflectance, R(λ), is measured as a
function of the wavelength λ. Because the light is reflected from both the film-air interface
and the film-substrate interface, R(λ) is the result of constructive or destructive interference
between the two components. Assuming a non-absorbing polymer film of thickness t and
refractive index n1(λ) in ambient air on top of an absorbing substrate with refractive index
n2(λ)− iκ2(λ), where κ2(λ) is its extinction coefficient, the reflectance is given by [195]

R(λ) =
R1(λ) + R2(λ) + 2 [R1(λ)R − 2(λ)]1/2 cos [2ψ(λ) + ω(λ)]

1 + R1(λ)R2(λ) + [R1(λ)R2(λ)]1/2 cos [2ψ(λ) + ω(λ)]
(3.51)

R1(λ) =
[1− n1(λ)]2

[1 + n1(λ)]2

R2(λ) =
[n1(λ)− n2(λ)]2 + κ2(λ)2

[n1(λ) + n2(λ)]2 + κ2(λ)2

ψ(λ) =
2π

λ
n1(λ)t

ω(λ) = arctan

[
2n1(λ)κ2(λ)

n1(λ)2 − n2(λ)2 − κ2(λ)2

]
To ensure that only the polymer film is considered, the spectral reflectance curve of a blank
substrate is measured and subsequently subtracted from the curves of the polymer films. From
fits of equation 3.51 to the obtained spectral reflectance curves, the film thickness is obtained.
Exemplary curves for different film thickness and polymer film refractive indices are shown in
Figure 3.12.

Instrument

Spectral reflectance measurements were performed using either a NanoCalc 2000 VIS (wave-
length range 400-850 nm) or a Nanocalc-XR (wavelength range 250-1050 nm) (both Ocean
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Figure 3.12.: Exemplary spectral reflectance curves of polymer films on top of a silicon substrate.
(a) Varying film thickness at constant film refractive index. (b) Varying film refractive index at
constant film thickness.

Optics, Germany). The model for fitting of the reflectance spectra assumed a polymer film on
top of a silicon substrate in ambient air. At this, tabulated values of the refractive index of
silicon were used. The refractive index of the polymer film was kept fixed at values of 1.3-1.5,
which is the usual range for polymers [58]. The exact value of the polymer refractive index
had a minor influence on the determined value of the film thickness (see comparison in Figure
3.12), especially in in situ swelling experiments, where the relative change of film thickness is
of interest.

3.6. Atomic force microscopy (AFM)

With AFM, the surface topology and morphology of films can be probed [196]. The typical
experimental setup is shown in Figure 3.13. The main components are a cantilever with a
sharp tip, a laser and a photodiode. The cantilever is brought in close contact with the sample
and the tip interacts with the surface according to the Lennard-Jones potential

V (z) =
C1

z12
− C2

z6
(3.52)

where C1 and C2 are system specific constants of the short-range repulsion and long-range
attraction terms, respectively, and z is the distance between surface and tip. The deflection
of the cantilever due to the tip-surface interaction is measured by a laser which is reflected
from the backside of the cantilever and detected by a photodiode. From the strength of the
deflection, different heights and materials at the surface can be distinguished. By moving the
cantilever in a raster, the sample is probed laterally over a predefined area. The resolution of
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the obtained image depends on the curvature of the tip, which is usually in the range of 5-10
nm.

Figure 3.13.: Schematic illustration of an AFM setup in tapping mode. The cantilever oscillates
with a set frequency in z direction and is adjusted such that tip and sample surface are in contact
only at the cantilevers maximum amplitude. The displacement of the cantilever is tracked by a
laser which is reflected from its backside and detected by a photodiode. The sample is probed by
performing a raster scan in xy direction. An image is constructed by the forward or reverse scans
in one direction.

Three modes of operation exist: Contact mode, tapping mode and non-contact mode. In
contact mode, the tip is in physical contact with the surface and the interaction is purely
repulsive. The resolution and scan speed are high in this mode, but the tip might damage the
surface or material is dragged. In non-contact mode, the tip is never in contact with the surface
and the interaction is purely attractive. This way, damage to the surface is prevented, but the
image resolution is low. In tapping mode, the cantilever oscillates and the tip is in physical
contact with the surface only for a short time. Thus, the interaction is both repulsive and
attractive, depending on the distance to the surface during oscillation. In this work, tapping
mode was used to reduce damage to the soft surface of the polymer films while maintaining a
reasonable resolution.

From AFM height profiles, the root mean square roughness of the surface, σrms, is calculated
according to

σrms =

√∑
i (zi − zmean)2∑

i

(3.53)

where zi is the height of point i and zmean is the mean height of the surface.
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Instrument

AFM measurements were performed using a MFP-3D AFM from Asylum Research at ambient
conditions. The tip had a curvature of 7 nm and was mounted onto a cantilever OMCL-
AC240TS-E3 (Asylum Research). Height profiles were obtained by operating the device in
tapping mode with a drive frequency of 65-81 kHz and a scan rate of 0.7-1.2 Hz. The
measured AFM images were leveled and corrected for a polynomial background using the
software Gwyddion v2.55 [197].

3.7. Fourier-transform infrared spectroscopy (FTIR)

With FTIR, the molecular structure of a sample can be probed [198, 199]. The output, a
spectrum of absorbance versus frequency, carries information about the unique vibrational and
rotational absorption bands of the molecules in the sample. The typical experimental setup
is shown in Figure 3.14. A light beam from a polychromatic IR light source is encoded by
its spectral distribution with a Michelson interferometer: The beam is split by a beamsplitter
and recombined after reflection from two mirros, namely a static and a displacable one. The
displacement d gives the path difference of the two beams after recombination, δ = 2d , which
creates an interference signal as a function of δ, called interferogram. Since all frequencies are
measured at the same time, the interferogram has the form [199]

I (δ) =

∫
I (ν) cos(2πνδ)dν (3.54)

where I (ν) is the intensity of the light source at frequency ν. The interferogram signal passes
through the sample, and its transmission is recorded by a detector.

To decode the measured interferogram and obtain the transmission spectrum, T (ν), a Fourier
transform of the interferogram is performed. The transmission spectrum can be transformed
to an absorbance spectrum by

A(ν) = − log (T (ν)) (3.55)

Each absorbance peak in a measured spectrum is characteristic of a mode of vibration of a
molecule in the sample. Through comparison with literature, molecules or functional groups of
specific molecules in the sample can be identified.

Instrument

FTIR measurements were performed using a Bruker Equinox FTIR spectrometer equipped with
a deuterated triglycine sulfate detector at ambient conditions. A spectral resolution of 1 cm−1
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Figure 3.14.: Schematic illustration of an FTIR setup. A beam of light from a polychromatic
IR source passes a Michelson interferometer, consisting of a beamsplitter, a fixed mirror and
a displacable mirror, and the resulting interferogram signal is directed to the sample. The
transmitted light intensity is measured by a detector.

was used and the signal was averaged over 256 scans. The wavenumbers ranged from 450 to
4000 cm−1. Spectra were corrected for a baseline and atmospheric compensation of CO2 and
H2O using the software OPUS provided by Bruker.





4. Systems under investigation

This chapter gives an overview of the two pentablock copolymers under investigation. Details
about their chemical structure and physical properties, as well as their expected self-assembly
behavior and potential applications will be discussed.

The first polymer, named TDE throughout the thesis, is a pH- and thermoresponsive
pentablock quaterpolymer of (C-co-D)-b-B-b-A-b-B-b-(C-co-D) topology with thermorespon-
sive statistical copolymer (C-co-D) end blocks and pH-responsive B blocks. The A block is
hydrophilic. It was provided by the group of Prof. Patrickios from the University of Cyprus.
Details about this polymer are given in chapter 4.1.

The second polymer, named MDV throughout the thesis, is a doubly pH-responsive
pentablock terpolymer of C-b-B-b-A-b-B-b-C topology with hydrophobic C end blocks and
a mid triblock based on two polyelectrolytes B and A. It was provided by the group of Prof.
Tsitsilianis from the University of Patras. Details about this polymer are given in chapter 4.2.

4.1. pH- and thermoresponsive pentablock
quaterpolymer (TDE)

TDE is a pH- and thermoresponsive pentablock quaterpolymer of (C-co-D)-b-B-b-A-b-B-b-
(C-co-D) topology. The chemical structure is shown in Figure 4.1. The (C-co-D) equimolar
statistical end blocks are based on tri(ethylene glycol) methyl ether methacrylate (TEGMA)
and n-butyl methacrylate (nBuMA) monomers. The B blocks are poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) and the A block is polyethylene glycol (PEG). Due to the poly-
merization process, the polymer is end-capped by short alkene groups (C12H25). Molar mass,
dispersity and volume fractions of blocks are summarized in Table 4.1. More details about the
polymerization of this polymer are given in the experimental section of reference [200].

57
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Figure 4.1.: Chemical structure of the P(TEGMA8-co-nBuMA8)-b-PDMAEMA50-b-PEG46-
b-PDMAEMA50-b-P(nBuMA8-co-TEGMA8) (short: TDE) pentablock quaterpolymer under
investigation. The subscripts denote the degrees of polymerization of the blocks.

P(TEGMA-co-nBuMA)

Figure 4.2.: Chemical
structure of P(TEGMA-co-
nBuMA).

PTEGMA is a thermoresponsive polymer of LCST-type, i.e., it
is hydrophilic (water-soluble) at temperatures below its LCST
of ∼52 °C and hydrophobic above [201]. Other good solvents
include many organic solvents, such as methanol and toluene
[202]. No reported value of the Hansen solubility parameter
of PTEGMA is found in the literature. Therefore, a group-
contribution method was used to predict a value of ∼20.9 MPa1/2

[203]. The mass density of PTEGMA is ∼1.08 g cm−3 [204],
and its glass transition temperature is −130 °C [202].

P(nBuMA) is a permanently hydrophobic polymer and in-
soluble in alcohols such as methanol, but is readily soluble in
non-polar solvents such as toluene [205]. The Hansen solubility
parameter of P(nBuMA) is ∼18.1 MPa1/2 [57]. It has a mass
density of ∼1.05 g cm−3 and a glass transition temperature of
∼20 °C [206].

The hydrophobic nature of nBuMA is expected to decrease

Topology Mn D fC−co−D fB fA

(C-co-D)-b-B-b-A-b-B-b-(C-co-D) 12500 2.07 0.315 0.630 0.055

Table 4.1.: Molecular weight, dispersity and volume fractions of blocks of TDE.
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the LCST of P(TEGMA-co-nBuMA) statistical copolymers (Figure 4.2). Indeed, the Tcp of
PTEGMA based copolymers was found to decrease to ∼30 °C by addition of just 6 mol%
hydrophobic segments [207]. P(TEGMA-co-nBuMA) homopolymers were not available for this
study, so their LCST could not be determined exactly. Results of a previous work, however,
suggest that the transition temperature is between 20 and 30 °C for an equimolar composition
[33].

PDMAEMA

Figure 4.3.: Chemical struc-
ture of PDMAEMA in the
deprotonated and protonated
state. At pH values near the
pKa, only a fraction of the ter-
tiary amine groups are proto-
nated.

PDMAEMA is a cationic polyelectrolyte with a pKa of ∼7.5
[142, 143, 208]. At pH values below the pKa, the tertiary amine
groups become protonated and are positively charged (Figure
4.3). At high pH values, it is deprotonated and uncharged.
PDMAEMA is generally hydrophilic, but displays LCST-type
thermoresponsive behavior at high pH values [209, 210]. At
pH 7, the LCST is ∼80 °C, which decreases to ∼40 °C at pH
10. Below pH 7, no LCST is observed [142]. The solubility of
PDMAEMA in organic solvents is determined by its degree of
ionization. In its deprotonated state, it is soluble in non-polar
solvents such as toluene, but becomes insoluble with increasing
protonation [211]. Alcohols dissolve PDMAEMA well in both
the protonated and deprotonated state. Additionally, it has
been shown that PDMAEMA dissociates in methanol (becomes
partially protonated), but to a much lesser extent compared to
water [212]. No value of the Hansen solubility parameter of
deprotonated PDMAEMA is found in the literature. Therefore,
a group-contribution method was used to predict a value of ∼21.8 MPa1/2 [203]. The mass
density of PDMAEMA is ∼1.32 g cm−3 [213] and the glass transition temperature ∼10 °C
[214].

PEG

Figure 4.4.: Chemical struc-
ture of PEG.

PEG is a water-soluble polymer of relatively simple chemical
structure (Figure 4.4). It has been widely used in biomedical
applications due to its resistance to protein adsorption [215].
PEG shows thermoresponsive behavior, with an LCST larger
than 100 °C [216]. Since all measurements in this thesis were
performed at temperatures significantly lower than 100 °C, it
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is assumed to be permanently hydrophilic. It is soluble in most
polar solvents, but has poor solubility in non-polar solvents such
as toluene. The Hansen solubility parameter of PEG is ∼23.0 MPa1/2 [217]. The mass
density of PEG46 (molar mass ∼2000 g mol−1) is ∼1.2 g cm−3 [218] and the glass transition
temperature is approximately -30 °C [219].

TDE functionality in aqueous solution

TDE belongs to the class of telechelic BCPs: A hydrophilic mid triblock is end-capped by
short hydrophobic end blocks. The P(TEGMA-co-nBuMA) end blocks are thermoresponsive
and change from partially hydrophobic to fully hydrophobic with increasing temperature. The
central PEG block is permanently hydrophilic and ensures water-solubility of the polymer.
Additionally, it provides stealth properties to the self-assembled structures, which is favorable
for biomedical applications [220]. The outer blocks of the mid triblock are PDMAEMA blocks
which are pH-responsive and change from deprotonated (uncharged) to protonated (charged)
as the pH is decreased below the pKa. The resulting conformational changes are illustrated in
Figure 4.5.

Figure 4.5.: Schematic representation of TDE at different conditions of pH and temperature.
Colors are the same as in Figure 4.1 and refer to PEG (brown), PDMAEMA (blue), nBuMA
segments (grey) and TEGMA segments (red). TEGMA segments at temperatures above the Tcp

are colored in black.

In dilute aqueous solution, but above the CMC, the hydrophobic end blocks are expected to
associate and form flower-like micelles with a shell of the hydrophilic mid triblock. At pH > pKa

and T < Tcp conditions, the shell is neutral and the end blocks are only partially hydrophobic,
which entails that the enthalpic penalty of dangling ends is rather low. Therefore, loops and
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dangling ends might coexist under these conditions. By changing either the pH value or the
temperature, different responses are expected

• By decreasing the pH value below the pKa, the PDMAEMA blocks become protonated
and stretched. Due to electrostatic repulsion, dangling ends are expected to be favorable
over loops. Additionally, small aggregation numbers are beneficial to reduce the charge
density at the core-shell interface.

• By increasing the temperature, the enthalpic penalty of dangling ends increases, and
loops might be favored over dangling ends. Furthermore, the increase of the solvent
incompatibility promotes formation of micelles with larger aggregation numbers.

It is evident that the structural changes induced by decreasing the pH value or increasing the
temperature have opposite trends, favoring either dangling ends and small aggregation numbers
or loops and large aggregation numbers, respectively. Thus, the delicate balance between the
two stimuli and potential cross-talks affecting the micelle formation are of interest. A detailed
investigation and discussion of micelles from TDE in dilute aqueous solution is given in chapter 7.

At higher concentrations in aqueous solution, the associative end blocks enable the formation
of a transient network. This has been explored in a previous study related to this thesis,
in which physical hydrogels formed by the triblock terpolymer P(TEGMA15-co-nBuMA18)-b-
PDMAEMA159-b-P(nBuMA18-co-TEGMA15) were investigated [33]. The polymer is comparable
to the pentablock quaterpolymer in this work. The statistical copolymer end blocks have similar
composition, but are roughly twice as long (the degree of polymerization is 33 versus 16 in
this work). The midblock has similar length (159 versus 146 in this work), but is based on a
PDMAEMA homopolymer rather than a PDMAEMA-b-PEG-b-PDMAEMA triblock copolymer.

The main findings of this previous study are summarized in Figure 4.6. At a constant pH
value of 6.5 and a concentration of 4 wt% in aqueous solution, the polymer was found to form a
weak hydrogel at temperatures below ∼20 °C, while at higher temperatures, a strong hydrogel
is formed. This was attributed to the activation energy of chain exchange (see equation 2.19),
which increases from ∼78 kJ mol−1 to ∼246 kJ mol−1. Thus, the partial hydrophobicity
(small Ea) of the end blocks below Tcp and the full hydrophobicity (large Ea) above Tcp were
confirmed. Scattering experiments were performed to resolve the structure of the micellar
cross-links. As expected, they reveal core-shell micelles with hydrophobic core and hydrophilic
shell. The structural parameters, including core radius and shell thickness, were found to
increase slightly with temperature until ∼20 °C and stay constant above. The structural study
of the micelles was, however, hindered by the strong correlation terms in the scattering curve of
the gel. Understanding the structural changes of single micelles is important to fully understand
the temperature and pH-responsive macroscopic properties of their transient networks. To that
end, the investigation of TDE in dilute solution in chapter 7 provides valuable input.
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Figure 4.6.: Shear relaxation time of a 4 wt% aqueous solution of P(TEGMA15-co-nBuMA18)-
b-PDMAEMA159-b-P(nBuMA18-co-TEGMA15) at pH 6.5 as a function of temperature. At low
temperatures, the chain exchange has a small activation energy which leads to small relaxation
times and a weak physical hydrogel. At high temperatures, the activation energy is large and
a strong hydrogel is formed. Adapted with permission from [33]. Copyright (2018) American
Chemical Society.

TDE functionality in thin films

In thin films, the self-assembly behavior is driven by the 3 segment-segment interaction
parameters, namely χP(TEGMA-co-nBuMA)/PDMAEMA, χP(TEGMA-co-nBuMA)/PEG and χPDMAEMA/PEG.
Their estimated values using equation 2.13 are given in Table 4.2. It should be noted that
these values are only rough estimates. Since the degree of polymerization is rather small
(Ntotal = 178), TDE is expected to be in the weak segregation regime.

χP(TEGMA-co-nBuMA)/PDMAEMA χP(TEGMA-co-nBuMA)/PEG χPDMAEMA/PEG

0.39a 0.54a 0.04

Table 4.2.: Estimated interaction parameters between the blocks in TDE at 25 °C from equation
2.13 using the average molar volume of segments as Vref . aThe solubility and molar volume of
P(TEGMA-co-nBuMA) was approximated as average values of PTEGMA and PnBuMA.

Based on the volume fractions of the blocks (Table 4.1), likely morphologies in the phase
separated state are P(TEGMA-co-nBuMA) and PEG spheres or cylinders in a PDMAEMA
matrix (see Figure 2.5a). At room temperature, all blocks are above their glass transition
temperature, which means that films are assumed to be in equilibrium.
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Charges may be introduced by protonation of the PDMAEMA blocks. The degree of ion-
ization is tunable by variation of the pH during film preparation. As described in chapter
2.4, charges have a significant influence on the self-assembly behavior due to the additional
counterions and electrostatic interactions. In particular, it may be expected that a high degree
of ionization of the PDMAEMA blocks enhances the segregation strength. To that end, the
results of a structural investigation of films with weakly ionized and fully ionized PDMAEMA
blocks are discussed in chapter 8.3.

Small amounts of solvent may alter the segregation strength between the blocks, selectively
swell certain blocks and influence the electrostatic interactions. To investigate the effect of
solvents on the film morphology, in-situ swelling experiments are performed using water and
toluene as solvents. Water is a midblock selective solvent with a high dielectric constant,
and therefore weakens the electrostatic interactions. Toluene is a non-polar solvent, which is
expected to weakly influence the electrostatic interactions, and is slightly selective for the end
blocks. The results of these experiments are presented in chapters 8.4 and 8.5.

Swelling experiments in water are also performed at higher temperatures to investigate the
influence of the thermoresponsiveness of the end blocks on the film morphology. The results
are presented in chapter 8.6.

The thermoresponsiveness of the end blocks opens up an intriguing possibility for structure
control in BCP thin films. The large relaxation times in the swollen state at high temperatures
(Figure 4.6) are comparable to the glassy state in dry films. In both cases, restructuring is slow.
For the final film morphology, this is usually a desired property since it ensures mechanical
stability and provides longevity.

To prevent defects or to achieve better control over the film morphology, solvent vapor
annealing is often applied. In the solvent swollen state, the polymer chains are mobile and an
equilibrated structure with long-range order is formed. Transfering the highly ordered swollen
morphology in the dry film during solvent removal is, however, challenging. Removing the
solvent rapidly makes the polymer glassy and immobile quickly, but induces strong concentration
gradients which lead to internal stresses and artifacts. Removing the solvent slowly prevents
internal stresses, but the morphology may change before the glassy state is reached.

Thus, freezing the morphology already in the swollen state by using thermoresponsive
polymers is a potential addition to the established SVA procedure. The concept is outlined
in Figure 4.7. A glassy polymer film is swollen in water and becomes mobile (I). Instead of
removing the water directly, the temperature is increased in the swollen state to values above
the LCST of the thermoresponsive blocks, freezing the morphology (II). During water removal,
the large relaxation times of the thermoresponsive blocks prevent chain reordering while water
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is present (III). Eventually, the glassy state is reached, and reordering is prevented due to the
glassy blocks.

Figure 4.7.: Concept of morphology control in dynamically switchable thin films based on BCPs
with LCST-type minority blocks (red and grey) and glassy, hydrophilic matrix (blue). (I) A
polymer thin film of certain morphology (here lamellae) is swollen in water at temperatures below
the LCST. In the swollen state, reordering and a potential order-disorder transition take place,
enabled by the fast relaxation times of the minority blocks and the mobile matrix. (II) Heating
of the swollen films above the LCST increases the relaxation time significantly and freezes the
newly obtained morphology. (III) Upon water removal, the slow relaxation times of the minority
blocks stabilize the morphology until the matrix becomes glassy.

Due to the technical challenges of this procedure, only step (I) and (III) are investigated
in this thesis. Future experiments may be performed to investigate further aspects of the
procedure. An ideal polymer system to study includes:

• A minority thermoresponsive block of LCST-type which has a sufficiently high segregation
strength to the majority block to enable microphase separation.

• A majority block which is water-soluble and glassy at room temperature. The glass
transition temperature must be higher than the LCST of the thermoresponsive block,
but low enough to ensure mobility in the swollen state.
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4.2. Doubly pH-responsive pentablock terpolymer
(MDV)

MDV is a doubly pH-responsive pentablock terpolymer of C-b-B-b-A-b-B-b-C topology. The
chemical structure is shown in Figure 4.8. The C end blocks are based on poly(methyl
methacrylate) (PMMA). The intermediate B blocks are again PDMAEMA. The central A
block is poly(2-vinylpyridine) (P2VP). Molar mass, dispersity and volume fractions of blocks
are summarized in Table 4.3.

Figure 4.8.: Chemical structure of the PMMA18-b-PDMAEMA170-b-P2VP209-b-PDMAEMA170-
b-PMMA18 (short: MDV) pentablock terpolymer under investigation. The subscripts denote the
degree of polymerization of the blocks.

Topology Mn D fC fB fA

C-b-B-b-A-b-B-b-C 79500 1.29 0.05 0.65 0.30

Table 4.3.: Molecular weight, dispersity and volume fractions of blocks of MDV.

PMMA

Figure 4.9.: Chemical struc-
ture of PMMA.

PMMA is a glassy, hydrophobic polymer. Furthermore, it is
insoluble in alcohols such as methanol [59], although it becomes
soluble at high temperatures (UCST-type behavior) [221, 222]. In
water-methanol mixtures, the solubility increases, but the UCST
is found to always be larger than 40 °C [222]. Therefore, at room
temperature, PMMA is insoluble in water and methanol, as well
as their mixtures. The Hansen solubility parameter of PMMA is
∼22.8 MPa1/2 [223, 224]. The mass density of PMMA is ∼1.18
g cm−3 and the glass transition temperature is approximately
105 °C [225].
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P2VP

Figure 4.10.: Chemical struc-
ture of P2VP in the depro-
tonated and protonated state.
At pH values near the pKa,
only a fraction of the pyridine
groups are protonated.

P2VP is a widely used cationic polyelectrolyte with a reported pKa

of ∼5.0 [226]. At pH values below the pKa, the pyridine groups
become protonated and are positively charged (Figure 4.10). At
high pH values, P2VP is deprotonated and uncharged. In the
deprotonated state, it is hydrophobic, but becomes hydrophilic
in the protonated state [227]. In both the protonated and
deprotonated state it is soluble in alcohols, such as methanol.
The Hansen solubility parameter of deprotonated P2VP is ∼21.3
MPa1/2 [226]. The mass density of P2VP is ∼1.14 g cm−3 [228]
and the glass transition temperature ∼104 °C [226].

MDV functionality in aqueous solution

MDV is a symmetric pentablock terpolymer, which also belongs
to the class of telechelic BCPs. The PMMA end blocks are
hydrophobic and associate in aqueous solution. The central
P2VP block is hydrophobic at pH values above its pKa of ∼5.0
and is protonated and stretched at lower pH values. The outer blocks of the mid triblock
are hydrophilic PDMAEMA blocks which have been introduced in chapter 4.1. At pH values
below their pKa of ∼7.5, PDMAEMA becomes protonated and stretched. The resulting
conformational changes are illustrated in Figure 4.11.

Figure 4.11.: Schematic representation of MDV at different pH values. Colors are the same as
in Figure 4.8 and refer to P2VP (green), PDMAEMA (blue) and PMMA (red). Filled circles
indicate hydrophobic blocks.

In dilute aqueous solution, but above the CMC, MDV is expected to form flower-like micelles
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with a core of PMMA blocks and a shell of PDMAEMA-b-P2VP-b-PDMAEMA. The shell
conformation strongly depends on the pH value. The central P2VP changes from hydrophilic
to hydrophobic, and PDMAEMA changes from a stretched conformation to a Gaussian chain
around their respective pKa.

Three cases can be imagined for the incorporation of the hydrophobic P2VP blocks into
the micelles, which have been experimentally observed in a very similar pentablock terpolymer
based on PMMA-b-PAA-b-P2VP-b-PAA-b-PMMA (PAA is poly(acrylic acid)) and are likely to
coexist [83]: (1) The P2VP blocks are collapsed, but reside in the hydrophilic shell (Figure
4.12a). (2) The P2VP blocks are part of the micellar core, but microphase separate from the
PMMA blocks and form either the inner or outer part of a compartmentalized core (Figure
4.12b). (3) The P2VP blocks mix with PMMA blocks and form a homogeneous core (Figure
4.12c). Cases (2) and (3) are energetically favorable for the P2VP blocks since contact with
water is avoided, while (1) is energetically favorable for the PDMAEMA blocks, which are less
restricted in their conformation. Furthermore, looping of the PDMAEMA blocks in (2) and (3)
results in a much larger energy penalty if PDMAEMA is protonated.

Figure 4.12.: Schematic representation of different ways to incorporate the hydrophobic P2VP
blocks into micelles formed by MDV. (1) Collapsed P2VP blocks reside in the shell. (2)
P2VP blocks are part of the micellar core, but microphase separate from PMMA and form a
compartmentalized core. P2VP is sketched as the outer block, but could also be the inner block.
(3) P2VP and PMMA blocks mix and form one homogeneous core. Colors are the same as in
Figure 4.8 and refer to P2VP (green), PDMAEMA (blue) and PMMA (red). Brown color in (3)
refers to mixed PMMA/P2VP.

Thus, micelles formed by MDV in dilute aqueous solution are expected to show a complex
response to a change in the pH value. A pH-dependent structural investigation of dilute
solutions is given in chapter 9.3.
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MDV functionality in thin films

In thin films, the self-assembly behavior is driven by the three segment-segment interaction
parameters χPMMA/PDMAEMA, χPMMA/P2VP and χPDMAEMA/P2VP. Their estimated values using
equation 2.13 are given in Table 4.4. It should be noted that these values are only rough
estimates. Due to the high degree of polymerization (Ntotal = 585), MDV is expected to be in
the intermediate to strong segregation regime.

χPMMA/PDMAEMA χPMMA/P2VP χPDMAEMA/P2VP

0.04 0.09 0.01

Table 4.4.: Estimated interaction parameters between the blocks in MDV at 25 °C from equation
2.13 using the average molar volume of segments as Vref .

Based on the volume fractions of the blocks (Table 4.3), likely morphologies in the phase
separated state are P2VP cylinders in a PDMAEMA matrix (see Figure 2.5b). The PMMA
blocks might also self-assemble and form cylinders or spheres. At room temperature, PMMA
and P2VP are glassy, which means that the chain mobility is low and equilibrium might not
be reached. The charge state of MDV films is tunable. Depending on the pH value during
film preparation, the PDMAEMA blocks and P2VP blocks are charged or uncharged. An
investigation of the charge state of MDV films as a function of pH value is outlined in chapter
9.4. It may be expected that a high degree of ionization of the PDMAEMA blocks enhances
the segregation strength to the other blocks (see chapter 2.4). Protonation of the P2VP blocks
in addition to PDMAEMA blocks at low pH values might favor mixing of the two blocks. A
structural investigation of films with different charge states is discussed in chapters 9.5 and 9.6.
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5. Development of a versatile
temperature-controlled SVA setup

In this chapter, the concept and design of a temperature-controlled SVA/SVS setup for in situ
GISAXS measurements are discussed. The primary application of the setup is to perform the
SVA experiment outlined in chapter 4.1 and Figure 4.7. The concept and requirements for the
setup are summarized in section 5.1. The design of the setup and working principle are given
in section 5.2. Performance tests of the setup are given in section 5.4.

5.1. Concept and application demands

The concepts and requirements for a SVA setup are reviewed. Afterwards, the specific application
demands for the setup developed in this work are discussed.

• In situ film characterization
To fully understand the SVA process, in situ characterization methods are needed [30].
Among the different techniques, GISAXS is the most suitable and promising one since it
allows to follow the structural changes of polymer films with excellent time resolution
[114, 116, 229–236]. To perform GISAXS measurements, windows with high transmission
for X-rays are needed. Kapton foil is often used, because it has a high transmission for
X-rays with energies of 10 keV or higher, is mechanically stable at high temperatures and
scatters only weakly [237].
Complementary to GISAXS, it is beneficial to monitor the film thickness and follow the
degree of swelling in situ. This can be achieved by spectral reflectance measurements
[116, 121, 238], ellipsometry [239, 240], laser interferometry [241] or quartz crystal
microbalances (QCM) [194]. Apart from QCM, the setup needs to be equipped with
windows transmittive for the light wavelengths used.

• Control of the degree of swelling
The degree of swelling, i.e., the fraction of solvent in the swollen films, is crucial for the
structure formation in polymer films (see chapter 2.2.3). To precisely control the degree
of swelling of films during SVA, several approaches have been realized.

71
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The most convenient approach is to install the solvent vapor atmosphere with a gas flow
and bubbler system, as shown in Figure 3.10b. By diluting the gas flow from the bubbler
with a flow of pure, inert gas, the partial solvent vapor pressure at the sample, and thus
the degree of swelling, can be varied between the saturated vapor pressure in the bubbler
and zero (see equation 3.48). Howeverm vapor pressures above the saturated vapor
pressure cannot be achieved.
It has been shown that heating or cooling the sample stage (without changing the
temperature of the solvent bubbler) is an efficient approach as well [238]. Through a
feedback loop, the stage is either cooled to increase the degree of swelling or heated
to reduce the degree of swelling (see equation 3.50). This has the advantage that the
degree of swelling is controlled independently of the solvent vapor atmosphere. Changing
the temperature of the sample stage is much faster and more precise than exchanging
the vapor atmosphere in the chamber. The disadvantage is that the temperature of the
film is not constant.
Similarly, the temperature of the solvent in the bubbler can be changed to alter the
saturated vapor pressure. Care needs to be taken in the case of the temperature of the
bubbler being higher than the one of the sample chamber, since the vapor is oversaturated
and will condense on the chamber wall or vapor tubes.
Finally, controlling the pressure of the sample chamber (independently of the one of the
bubbler) is an approach where the temperatures of the bubbler and the sample can be
chosen freely. By increasing the total pressure in the sample chamber with respect to
the pressure in the bubbler, the partial vapor pressure of the solvent is increased and vice
versa [242].

• Temperature control
In addition to the degree of swelling (see above), the temperature of the polymer film
strongly affects its thermodynamics and structure formation. It has been shown to be
an important parameter for SVA, which can improve the process significantly. SVA
at elevated temperatures is also referred to as solvo-thermal vapor annealing (STVA)
[116, 118, 243–245].
In a typical gas flow setup, two temperatures have to be controlled: the temperature
of the sample chamber, Ts, and the temperature of the solvent vapor in the bubbler,
Tv (see chapter 3.4 and Figure 3.10b). To achieve temperature control and change on
reasonable time scales, the materials of both the bubbler and the sample chamber should
have a sufficiently high thermal conductivity. The temperature is adjusted by using either
electrical heating elements (Peltier) or by bringing them in contact with water baths.
The films in the sample chamber should have good thermal contact with the chamber to
efficiently transport the heat from the chamber to the film.
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An important aspect to consider is the temperature of the tubes connecting the bubbler
with the sample chamber. If the temperature of the bubbler is larger than the temperature
of the tubes, the solvent vapor will condense on the tube walls before reaching the sample
chamber. Similar considerations should be made for the windows of the chamber or
other elements in contact with the solvent vapor.

• Solvent mixtures
Combining the properties of more than one solvent in SVA by using solvent mixtures has
been shown to be a powerful method to control the film structure [112, 116, 231, 232].
Solvent mixtures in SVA setups can be achieved by either mixing of the liquid components
in the bubbler or by mixing of their respective solvent vapors from separate bubblers.
In the former case, the solvent vapor composition depends on the mixing ratio of the
liquids (given by Raoult’s law) and is fixed. In the latter case, the vapor composition can
be adjusted freely by changing the ratio of vapor flows through the bubblers [116].

• Flexibility
SVA setups designed for in situ studies with X-rays should be versatile enough to be
installed at different synchrotron beamlines. For that, their size and mass must be
sufficiently small. The size is important to minimize the pathway of X-rays outside
vacuum and to reduce scattering from air. The mass is limited by the maximum capacity
of the sample stage at the beamline, which is typically around 10-20 kg.

Requirements for the setup in this work

The idea of the setup design is to be able to perform SVA/SVS experiments on polymer thin
films with one or two solvents (and their mixtures), and to follow the structural changes and
film swelling in situ. The temperature and degree of swelling of the films should be controllable.
A particular requirement is to peform the SVA cycle proposed in chapter 4.1 and Figure 4.7.
Thus, the temperature of the swollen film should be adjustable without changing the degree
of swelling significantly. At elevated temperatures, the film should be able to be dried in a
controlled way.

In the previous SVA setup built by our group, which was successfully used for in situ GISAXS
experiments during solvothermal vapor annealing [116], many of the requirements are met.
Two N2 flows connected to two bubblers, and one pure N2 flow are controlled by three mass
flow controllers (MFC). The flows are subsequently mixed and directed to a sample chamber
made from aluminum. The sample chamber has Kapton windows for X-ray measurements
and a quartz glass window for spectral reflectance measurements. The temperature control is
schematically shown in Figure 5.1a. The bubbler and sample chamber are independently heated
by electric heating elements, which gives control over the sample temperature and solvent
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vapor temperature. The vapor tube which connects the bubblers and the sample chamber is
also heated in the same way by another set of electrical heating elements. Thus, in principle,
the requirements formulated above are met. In practice, several technical difficulties were found.
Firstly, the solvent vapor pressure and degree of swelling of the film depend on the delicate
balance between the temperatures of bubblers, solvent tube and sample chamber. To keep the
degree of swelling stable while changing the temperature of the sample chamber, the other
two temperatures need to be changed precisely. Even with a computer controlled feedback
loop, this is extremely difficult to achieve since each part has a different response time to
temperature changes. Secondly, cooling of the setup is slow because electrical heating elements
are used and the setup is well insulated, so heat cannot be removed efficiently. This effectively
limits the temperature control to only heating. Additionally, it creates long downtimes during
GISAXS beamtimes, because no experiments can be performed while waiting for the setup to
cool. Thirdly, all components combined are rather heavy and require significant space, which is
not always available at beamlines. Furthermore, the large size increases the time needed for
equilibration of the temperatures and the solvent vapor atmosphere.

Figure 5.1.: Schematic drawings of the temperature control in the old and new SVA setup design.
(a) In the old setup, the bubblers in a separate chamber and the sample chamber are heated
separately with electric heating elements to temperatures Tv and Ts, respectively. The vapor
tube which connects both chambers is heated to the temperature Tt. (b) In the new design, the
bubbler chamber and the sample chamber are closer together and are temperature-controlled by
a water bath. Both temperatures are equal (Ts = Tv).

Therefore, in the setup developed in this work, several changes are made to improve the
applicability of the setup. The conceptual idea of the temperature control is shown in Figure
5.1b. Instead of separately heating multiple parts, the bubblers and the sample chamber are in
close proximity and are heated or cooled by circulating water from a temperature-controlled
water bath. Both the bubblers and the sample chamber are made from aluminum, which has a
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high thermal conductivity. Since the materials are the same, both parts are heated or cooled
at the same rate. Additionally, cooling the setup is much more efficient, since the circulating
water can transport heat out of the setup. Overall, the setup is much more compact, which
allows for faster equilibration of the temperature. In particular, the volume of the sample
chamber is small which enables fast equilibration of the solvent vapor atmosphere. Otherwise,
the working principle is similar to the previous one, but with numerous improvements.

5.2. Setup design

The main parts of the setup are shown in Figure 5.2. Apart from the valves, all parts were
fabricated by Reinhold Funer (workshop of Chair of Functional Materials, Physics Department,
TUM). The parts are made from aluminum, which has a high thermal conductivity (∼ 205 W
m−1 K−1), is relatively lightweight (ρm ∼ 2.7 g cm−3) and is compatible with most solvents
and water [246]. The sample chamber has a dimension of 9 × 8 × 5 cm3 (length × width
× height). It has a sample stage in the center and two windows for X-ray measurements
at the front and back sides. The total volume inside the chamber is around 125 cm3. The
sample stage is a square block with side length 3 cm and its upper edge is slightly higher than
the lower end of the windows. To the sides, there are two openings with diameters 0.6 cm
for solvent vapor inlet and outlet, respectively, and a larger opening with diameter 1.2 cm,
which serves as an entrance point for a humidity sensor (can be seen more clearly in Figure
5.4). The solvent vapor openings are at opposite corners of the chamber to ensure that the
vapor is distributed evenly (see also top view of chamber in Figure 5.3). Furthermore, the
openings are positioned below the sample stage to prevent the incoming gas flow from hitting
the sample directly. At the inlet, a removable metal frame with small punctures ensures to
disperse the incoming solvent vapor evenly. The top part of the sample chamber is a separate
frame screwed tightly to the sample chamber base. The connection is sealed by a PTFE
O-ring (Table 5.1). The top part has a round opening to access the inside of the chamber and
exchange the sample. The opening can be closed by a lid made from aluminum and is sealed
by a PTFE O-ring (Table 5.1). In the center, the lid has a cylindrical hole for placing the light
source of an spectral reflectometer. The hole is sealed by a quartz glass window (GVB GmbH,
Herzogenrath, Germany) which is glued to the underside of the lid. Quartz glass has high
transmission in the wavelength range of visible light used for spectral reflectance.

The windows are sealed by aluminum frames, which are screwed to the window openings,
pressing a Kapton foil against a PTFE O-ring (Table 5.1). Kapton was chosen due to its high
mechanical strength and transmittivity for X-rays [237]. The foil has a thickness of 50 µm and
was purchased from RS Components, Mörfelden-Walldorf, Germany. Since Kapton has a low
thermal conductivity (∼ 0.12 W m−1 K−1), a second Kapton foil is attached to the outside of
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Figure 5.2.: Exploded view of the setup showing the single components. Yellow arrows indicate
fittings for PTFE O-rings. The dimensions of the O-rings are given in Table 5.1.

the window frame. This way, the chance of condensation of warm solvent vapor on the foil,
otherwise in direct contact with the colder ambient air, is reduced.

O-ring inner diameter [mm] cross section [mm]

X-ray windows 32 2
chamber lid 55 3

sample chamber 84 2
mixing chamber 58 2

bubbler 44 2

Table 5.1.: Dimensions of PTFE O-rings in the setup. The O-rings were purchased from HUG
Technik und Sicherheit GmbH, Ergolding, Germany.

On the inlet side of the sample chamber, a mixing chamber made from aluminum, equipped
with three one-way check valves (SMC GmbH, Egelsbach, Germany), is attached. The mixing
chamber is sealed by a PTFE O-ring (Table 5.1) and covers the inlet opening at the sample
chamber. The one-way check valves prevent backflow of vapor and are a cheaper and light
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weight option compared to 3-way valves. The purpose of the mixing chamber is to allow mixing
of the vapor of the three gas flows at the temperature of the sample chamber, before guiding it
to the sample. The bubblers to produce the saturated solvent vapors are made from aluminum
and have a cylindrical shape. They are closed by a lid, which is screwed to the top and sealed
by a PTFE O-ring (Table 5.1). The bubbler lid has two openings, one for incoming N2 flow
and one for the exiting saturated vapor flow, towards the one-way check valves of the mixing
chamber. A PTFE tube inside the bubbler is connected to the incoming flow to disperse the
N2 below the liquid level of the solvent.

Temperature control of the sample chamber is achieved by circulating water from a water
bath through the base. The water is distributed in a grid-like network of holes as shown in
Figure 5.3. Due to the high thermal conductivity of aluminum, the water at the base is sufficient
for evenly heating or cooling the whole sample chamber, including the lid, the window frames
and the mixing chamber. To make sure that the mixing chamber is in thermal equilibrium
with the sample chamber, an additional water channel is located in the wall of the sample
chamber next to the mixing chamber. To stabilize the temperature against fluctuations in
ambient temperature, during experiments the whole setup is covered by thermally insulating
material (see for example Figure 5.8).

Figure 5.3.: Sample chamber in top and bottom view. In the top view, the position of the
sample (dark blue) on the sample stage is indicated. Red and green arrows indicate the solvent
vapor flow and direction of X-rays, respectively. In the bottom view, the distribution of the water
from the heating bath in the chamber base is indicated with blue color.

The temperature of the bubblers is controlled by a copper tube helix which surrounds the
cylindrical base of the bubblers. Through the helix, water from the same water bath, used
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for the thermal control of the sample chamber, is directed. The PTFE tubes connecting
the bubbler with the one-way check valves of the mixing chamber are winded with smaller
silicone tubes, which are connected to the circulating water from the water bath. This way,
condensation of the solvent vapor inside the tubes is prevented. Similar to the sample chamber,
both the bubblers (including the copper helix) and the connecting tubes are thermally insulated
during experiments to stabilize the temperature.

The fully assembled setup is shown in Figure 5.4. The three N2 gas flows are controlled by
mass flow controllers (MFC, Wagner Mess- und Regeltechnik GmbH, Offenbach, Germany).
Each flow can be adjusted between 0 and 500 cm3 min−1. The spectral reflectance instrument
is a NanoCalc 2000 VIS (Ocean Optics, Ostfildern, Germany), which is suitable for film
thicknesses in the range of 20 nm to 100 µm. The circulation of the heating and cooling water
is indicated in Figure 5.4 with blue dashed lines. The setup can be connected to any external
water bath. Normally, a thermostat (Julabo GmbH, Seelbach, Germany) is connected.

Figure 5.4.: Fully assembled setup. The flows of pure N2 and N2 saturated with solvent vapor
are indicated with purple and red arrows, respectively. Black and brown arrows indicate the
connection points for the spectral reflectance device and the humidity sensor, respectively. Blue
arrows and dashed lines indicate the flow of water from the heating bath. The green arrow
indicates the incoming X-ray beam during GISAXS measurements.

The humidity sensor is a SHT31-DIS from Sensirion, Stäfa, Switzerland. It measures the
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relative humidity and temperature in the sample chamber in a range of 0 to 100 %RH (± 2)
and 0 to 90 °C (± 0.2), respectively. The sensor is removed in experiments with solvents other
than water to prevent damage to the sensor. The opening for the sensor is sealed by a sealing
compound in case the sensor is inserted, and closed by a screw cap in case the sensor is not
used.

Photographs of the assembled setup are shown in Figure 5.5. In total, the space demand of
the setup is approximately 15 × 25 × 10 cm3 (length × width × height, the length is in the
direction of the X-ray beam). The weight of the assembled setup is less than 5 kg. All parts of
the setup are suitable for temperatures up to 60 °C. All solvents compatible with aluminum
and PTFE can be used. For GISAXS measurements, the maximum out-of-plane and in-plane
scattering angles are θf,max = 26.6° and αf,max = 25.0°, respectively, allowing to cover a large
q range.

Figure 5.5.: Photographs of the assembled setup.

5.3. Performance testing

The functionality of the setup was tested in experiments in the laboratory regarding the stability
and control of solvent vapor pressure and temperature. The capability of implementation of
the setup at synchrotrone beamlines was demonstrated during a beamtime at the Austrian
SAXS beamline at the ELETTRA synchrotrone.

Figure 5.6 illustrates the control of solvent vapor pressure and degree of swelling in the
sample chamber. In the experiment, a polymer film (the polymer is a pentablock terpolymer
based on PMMA, polyacrylic acid and P2VP) was swollen in a mixture of saturated water
vapor and pure N2 at ambient temperature. The mixing ratio was changed stepwise from pure
N2 to pure water vapor in increments of 2700 s (Figure 5.6a), and drying was performed by
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reversing the steps. The long time for each step ensured equilibration of relative humidity
(RH) and degree of swelling (SR). The experiment was performed by Judith Brenner in the
framework of her Bachelor’s thesis [247]. In Figure 5.6b, the measured RH and SR are shown
as a function of time. It can be seen that both values are equilibrated at the end of each step.
Furthermore, the values reached during swelling and drying are almost equal, showcasing the
ability of the setup to perform controlled drying.

Figure 5.6.: Example of a polymer film swollen in water vapor using the new setup [247]. (a)
Flow rates of pure N2 and N2 saturated with water vapor. (b) Degree of swelling (SR) and
relative humidity (RH) in the sample chamber. (c) Equilibrated relative humidity as a function of
the fraction of the solvent saturated N2 flow, ysol. The red line is a linear fit with intercept 0.
(d) Equilibrated SR as a function of the solvent activity, as = RH/100.

To test the solvent vapor pressure control, RH at each equilibrated step is shown in Figure
5.6c as a function of the fraction of the solvent saturated N2 flow, ysol. A linear dependence
is observed, as expected from equation 3.48. The maximum RH is ∼90 %. The reason why
100 % was not reached might be related to non-ideal gas conditions, overpressure in the vapor
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tubes or temperature fluctuations (the temperature is not controlled in this experiment). Still,
90 % is high enough for SVA/SVS experiments and ensures that no condensation occurs.

The response of the polymer film to the vapor atmosphere is shown in Figure 5.6d, where
the equilibrated degree of swelling is plotted against the equilibrated solvent activity. The curve
is in good agreement with the theoretical prediction (see equation 3.45 and Figure 3.9). Thus,
controlled swelling of a polymer film is achieved with the setup.

The temperature and humidity control during temperature changes is tested in a control
experiment consisting of three steps (Figure 5.7): (I) At a constant temperature of 25 °C, a
flow of saturated water vapor is switched on to install a humid atmosphere in the chamber. (II)
While keeping the vapor flow constant, the temperature of the thermostat is set to 40 °C. (III)
After equilibration, the flow of saturated water vapor is switched off, and a flow of pure N2 is
switched on to remove humidity from the chamber. Step (I) was discussed above and installs
an atmosphere with RH of ∼85 % in the sample chamber. After initiating the temperature
change, the temperature of the sample chamber increases and reaches a stable value of ∼39.7
°C after 1000 s. The small offset to the setpoint temperature of the thermostat is due to heat
losses during water circulation. RH initially drops to 54 % and slowly increases to 83 % after
∼3000 s, i.e., close to the value before the temperature change.

Figure 5.7.: Test of temperature and relative humidity control in the sample chamber during
swelling and drying. At time (I), a saturated water vapor flow was switched on at a constant
temperature of 25 °C. At time (II), the temperature of the water bath was set to 40 °C, while
keeping the water vapor flow constant. At time (III), the saturated water vapor flow was switched
off and a flow of pure N2 was switched on. The dotted red line estimates the temperature profile
of the water in the bubbler.

The initial drop of RH is likely due to the high heat capacity of water (4.2 kJ kg−1 K−1),
which is about four times larger than that of aluminum (0.9 kJ kg−1 K−1) or air (1.0 kJ
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kg−1 K−1). Water requires more heat to reach a certain temperature, and, as a result, the
temperature of the water in the bubbler increases more slowly than the one of the sample
chamber (indicated by a dotted line in Figure 5.7). Following equation 3.50, this temperature
difference explains the observed initial drop and re-saturation of RH. A straightforward way
to prevent the drop of RH is, therefore, to decrease the heating rate, which minimizes the
temperature difference between the water in the bubbler and the sample chamber. To achieve
fast heating rates without a drop of RH, the heating rate of the bubbler needs to be increased.

After re-saturation of RH, the flow of saturated water vapor is switched off, and a flow of
pure N2 is switched on in order to remove the humidity from the chamber. The response
of RH is fast, which drops immediately after switching on the pure N2 flow. After ∼900 s,
RH reaches 0. The immediate response indicates that no condensate is left in the tubes or
the mixing chamber, which would cause a delay in the RH drop. Thus, controlled drying is
achieved, also at elevated temperatures.

The setup was successfully used during a beamtime at the Austrian SAXS beamline at
ELETTRA for in situ GISAXS measurements. Photographs of the setup installed at the
beamline are shown in Figure 5.8. SVA/SVS experiments were run continuously for four days,
using temperatures between 20 and 45 °C and different solvents (water, methanol and toluene).
The setup was easy to install and ran smoothly, allowing a large quantity of data to be collected.

Figure 5.8.: Photographs of the assembled setup at the SAXS beamline at the ELETTRA
synchrotrone. Green arrows indicate the X-ray beam. Purple arrows indicate flows of pure N2,
and red arrows indicate flows of saturated solvent vapor. Blue arrows indicate the flow of the
circulating heating/cooling water.
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5.4. Conclusions

A setup is designed and built to perform SVA and SVS experiments on polymer thin films with
one or two solvent vapors at variable temperatures, and to follow the structural evolution of
the films in situ using GISAXS and spectral reflectometry. It is based on a previously used
setup design. In particular, the temperature and vapor atmosphere are more stable and more
easily to control, and the whole setup is more compact and lightweight. The control of the
vapor atmosphere, via tracking of the relative humidity, both at ambient and high temperatures
is demonstrated. The special requirement of being able to perform the experiment outlined
in chapter 4.1 and Figure 4.7 is fulfilled if slow heating rates are used. Usage of the setup at
beamlines is straightforward and has been tested during an in situ GISAXS beamtime.

A particular advantage of the compact design are fast response times for adjusting the vapor
atmosphere and minimal temperature fluctuations throughout the whole setup. Most solvents
can be used and the temperature range is sufficient for SVA/SVS experiments.





6. Strategy to calculate 2D GISAXS
patterns of polymer films

In this chapter, a strategy to simulate 2D GISAXS patterns of polymer films using the software
BornAgain [190, 191] is outlined. The motivation and objective of the simulations are given in
section 6.1. Afterwards, the simulation setup in this work is introduced in section 6.2, followed
by a discussion of the contributions of the background in section 6.3. The modeling of the
polymer film and the procedure to fit the simulated patterns to the experimental patterns are
given in section 6.4.

6.1. Introduction

GISAXS is a powerful tool to investigate nanostructured polymer films (see chapter 3.3). The
grazing-incidence geometry enables the simultaneous investigation of the size and shape of the
nanostructure both in lateral and normal direction to the film surface. Additionally, the large
cross section between beam and sample ensures sufficient scattering intensity and allows to
probe a large area of the film. With synchrotron radiation, time-resolved in situ studies are
possible. While these are strong advantages of GISAXS, extracting the structural information
of the nanostructure from the experimental 2D scattering patterns is rather difficult [248, 249].
Some reasons are:

• DWBA is needed
The analyis of GISAXS data is based on the DWBA, which includes reflection, transmission
and refraction of the beam at interfaces. This complicates an analytical description
of the scattering cross section of the nanostructure significantly [250]. In particular, it
relies on precise knowledge of the refractive index of each layer in order to compute the
reflection and transmission coefficients.

• Lack of background subtraction
Different to SAXS, where the background contribution (including among others scattering
from the sample holder and solvent or air scattering) can be measured and subtracted,
the background cannot easily be subtracted in GISAXS. The scattering signal from a
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bare substrate can be measured, but it is altered by the presence of a polymer film on
top of it [251].

• Surface roughness
The diffuse scattering from rough surfaces overlaps with the scattering signal of the
nanostructure [251–253]. To properly distinguish between scattering from a rough
surface (including both the substrate as well as the film surfaces) and scattering from
the nanostructured polymer film, the roughness should be taken into account in the data
analysis. In particular during in situ GISAXS measurements, where the surface roughness
might be altered during the sample treatment, the change of the scattering signal from
the surface roughness might otherwise be mistaken for a change in the nanostructure.

• 2D form factors
The information contained in the measured 2D GISAXS pattern is a function of qy and qz,
and cannot be reduced in a straightforward way. Often, horizontal line cuts (at constant
qz) or vertical line cuts (at constant qy) are performed and analyzed with respect to the
lateral and normal features of the nanostructure, respectively. This reduces the data to
1D profiles, but they must be analyzed with models consistent with the features found
in the 2D pattern. For example, the horizontal line cuts might depend on the qz value
chosen. Only few form factors exist for which horizontal and vertical line cuts can be
evaluated independently (standing cylinders are one example).

Different approaches to simplify the analysis have been proposed. One approach is to perform
experiments at large incident angles (αi � αc) and by evaluating the scattering pattern at
large exit angles (αf � αc) with respect to the critical angle of the substrate. This way, the
reflection coefficients of the incident wave and the scattered wave are close to zero and the
DWBA reduces to the simpler BA (see equation 3.42). Still, background and surface roughness
contributions to the scattering pattern need to be taken into account and the 2D nature of the
form factor still plays a role. Furthermore, the total scattering intensity decreases significantly
for αi � αc, since the footprint of the beam becomes smaller, and most of the beam intensity
is transmitted without scattering.

Another approach is the use of form factor models in the analysis that are independent of
qz [254]. Since the four terms of the DWBA differ only in the qz value at which they are
evaluated, equation 3.42 reduces to a simpler form for qz-independent models

F(q) = (1 + ri + rf + rirf) F (q‖, qz) = γF (q‖, qz) (6.1)

The reflection coefficients become a constant prefactor and the DWBA reduces to the BA
(note that rf and γ are still a function of qz in equation 6.1). Of course, this approach can
only be used if the nanostructure in the film is reasonably well described by a qz-independent
form factor.
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The approaches described above allow to analyze GISAXS data fast and efficiently, but they
are limited to few film structures and have limited quantitative output. Additionally, their
applicability to a given system needs to be carefully checked [248].

To extend the range of systems that can be modeled and to properly take into account
all contributions to the scattering pattern within the DWBA, GISAXS simulations are the
current state-of-the-art approach. In the simulations, 2D GISAXS patterns of a given film
setup are modeled which can then be compared and fitted to the experimental data. Surface
roughness and possible background contributions can be implemented and modeled explicitly.
Available software for simulations are IsGISAXS [255], FitGISAXS [256], BornAgain [190, 191]
or HipGISAXS [257]. In many recent studies, using either the available software or self-written
codes, a detailed description of 2D GISAXS patterns has been achieved with this approach
[116, 241, 258–264].

While simulations allow to analyze 2D GISAXS patterns in large detail, some remaining
challenges hinder a broader application. First, the setup of the simulation needs to be chosen
properly and should be an appropriate physical representation of the system. This means that
many parameters have to be adjusted, which usually requires to have prior knowledge about
the system or at least a have good first guess. Second, the more complicated the simulation
setup, the higher the computation time, which, considering that adjusting the parameters
can be a trial and error process, slows down the analysis. Third, to fit the simulated data
to the experimental data, appropriate regions of the 2D patterns have to be identified which
contain the characteristic features of the scattering signal and which are optimized during the fit.

In the following, a strategy to simulate and fit 2D GISAXS patterns of nanostructured polymer
films is outlined. BornAgain v1.16 is chosen as a software, since it allows to simulate multiple
layers with rough surfaces, in which particles, including those with complex form factors, can
be freely positioned. The simulation setup explicitly includes background and surface roughness
scattering. The fitting procedure consists of several steps and can be automatized, which allows
analysis of a large number of scattering patterns (e.g. obtained during in situ experiments).

6.2. Simulation setup

The basic simulation setup chosen in the present work is shown in Figure 6.1. It consists of
three layers, which, from top to bottom, represent air, polymer film and substrate. The air and
substrate layers have a refractive index of nair and nsub, respectively, and have infinite thickness.
The polymer film has a refractive index of nfilm and a finite thickness t. The nanostructure of
the polymer film is modeled by placing particles of appropriate shape and refractive index, npar,
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inside the polymer film at a depth z . For block copolymers, the most appropriate shapes are
usually spheres or cylinders.

Figure 6.1.: Schematic representation of the setup to simulate 2D GISAXS patterns of polymer
films. Details of the parameters are explained in the text.

Both the air-film and the film-substrate interfaces have a roughness, which is described be the
root-mean-square roughness, σrms, the lateral correlation length, ξ, and the Hurst parameter,
H [252]. The parameter H describes how jagged the surface is and has values between 0 and
1. For large values of H , the surface is smooth, whereas for small H , the surface is jagged (see
Figure 6.2).

Figure 6.2.: Illustration of two surfaces with the same roughness, σrms, and lateral correlation
length, ξ, but either large or small values of the Hurst parameter, H.

The instrumental parameters are chosen to match the experimental conditions. The incoming
X-ray beam has a wavelength λ, an incident angle αi and an intensity I0. The detector is
placed at a sample-to-detector distance sdd and is normal to the incoming beam, which is
the typical placement of detectors in GISAXS experiments. The detector size is defined by
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the number of horizontal and vertical pixels, pxhor and pxver, and the size of each pixel, ∆px ,
which are assumed to be squares. The detector position is defined by the position of the direct
beam on the detector, given by the horizontal position pxhor,db and vertical position pxver,db,
which are determined from the calibration of the experimental setup. The detector has a
resolution function which accounts for finite beam size, beam divergence and other smearing
effects. The resolution function blurs the 2D scattering pattern according to a 2D Gaussian
distribution with horizontal width σdet,hor and vertical width σdet,ver. For the simulations in
this work, σdet,hor = 200 µm and σdet,ver = 10 µm are used. The value of σdet,hor is slightly
larger than the size of a pixel on the detector and is consistent with the large width of the
X-ray beams used (500 µm at CHESS and 1000 µm at ELETTRA). The value of σdet,ver is
small, consistent with the small height of the X-ray beams (200 µm at CHESS and 150 µm at
ELETTRA), which is further reduced by the grazing incident angles. At an incident angle of
0.20°, the total height of the beam hitting a sample with length 1.5 cm is ∼50 µm, i.e., less
than one detector pixel.

If not stated otherwise, the instrumental parameters listed in Table 6.1 are used for the
examples in this chapter.

λ sdd pxhor pxver ∆px pxhor,db pxver,db σdet,hor σdet,ver

0.117 nm 1781 mm 487 407 172 µm 246.7 20.2 200 µm 10 µm

Table 6.1.: Parameters of the instrumental setup used in this chapter. These are also the
parameters of the setup used at the beamline D1 at CHESS during some of the experiments in
this work (see also chapter 3.3).

6.3. Obtaining the background contribution

The scattering of the background, which includes mainly the scattering contribution from the
substrate, can be measured by performing GISAXS experiments on bare substrates (without
a film on top). This way, a simulation setup for the background can be devised and the
structural parameters, e.g. the surface roughness parameters, can be extracted. In this work,
the measurements are performed at several incident angles. The measurements are performed
at beamline D1 at CHESS (see chapter 3.3 for details about the experimental setup). A
typical experimental 2D GISAXS pattern of a silicon substrate is shown in Figure 6.3. At the
used wavelength of λ = 0.117 nm, the dispersion and absorption coefficients of silicon are
δSi = 4.35 × 10−6 and βSi = 58.72 × 10−9 [265]. This results in a critical angle of silicon
of αc,Si = 0.17°. In the scattering pattern, important features are highlighted: (1) direct
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beam (DB); (2) the out-of-plane scattering of a rough surface; (3) the Yoneda peak; (4) the
specular reflected beam (SB); (5) diffuse scattering not related to surface roughness; and (6)
the in-plane scattering of a rough surface.

Figure 6.3.: Experimental 2D GISAXS pattern of a bare 1.5×1.5 cm2 silicon substrate measured
at an incident angle of αi = 0.22° and an exposure time of 0.8 s. The measurements were
performed at beamline D1 at CHESS. The position of the specular reflected beam is indicated
with a red cross. Important scattering features are numbered and explained in the text.

The roughness of the substrate is also independently measured by AFM. For that purpose,
AFM measurements of a bare silicon substrate, which is cleaned the same way as the substrates
with films, is shown in Figure 6.4. The substrate is smooth, apart from dust particles which
appear as bright dots in the height image (Figure 6.4a). To determine the roughness, a height
profile is taken along a line without dust particles and shown in Figure 6.4b. From the profile
and using equation 3.53, a roughness of σrms,Si ≈ 0.1 nm is determined.

With this value, a first simulation can be performed. Figure 6.5a shows the scattering pattern
of a silicon substrate with roughness σrms = 0.1 nm. The lateral correlation length and Hurst
parameter are set to ξ = 200 nm and H = 1.0, respectively. These two values influence the
scattering pattern only weakly. A narrow vertical rod at qy = 0 is observed without other
features. Compared to the experimental scattering pattern in Figure 6.3, the rod correlates
well with feature (6), which is attributed to in-plane scattering of a rough surface. Therefore,
this feature is confirmed to be the scattering from the silicon substrate.

The other features (1-5) are notably absent in the simulated pattern in Figure 6.5a. Feature
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Figure 6.4.: (a) AFM height image of a bare silicon substrate. (b) Height profile along the red
line shown in (a) and corresponding roughness σrms.

(1), which is the direct beam, is absent since the substrate has an infinite thickness in the
simulation and the beam is fully attenuated. Feature (4), the specularly reflected beam, is
indicated by a red cross in the simulation but is assumed to be infinitely small. In the experiment,
the beam is finite and therefore extends beyond the beamstop.

Remarkably, feature (2), which is attributed to out-of-plane scattering of a rough surface,
is also absent. Thus, it cannot be attributed to the silicon substrate. Instead, it is indicative
of a surface with a high roughness, as is shown in Figure 6.5b. For a surface with roughness
σrms = 5.0 nm, the vertical rod is quenched and has significant out-of-plane scattering near
the Yoneda peak. The second surface is attributed to the surface of the aluminum sample
stage on which the silicon substrate is placed for the experiments. A cross section of this
geometry is shown in Figure 6.5c. The incident beam, which has a height of 0.2 mm (0.15
mm at ELETTRA) has a footprint of 5.2 cm at the incident angle of αi = 0.22° (see equation
3.35). At smaller incident angles, the footprint is even larger. Since the substrate has a length
of 1.5 cm, it is reasonable to assume that a large amount of the beam is scattered from the
aluminum sample stage.

The diffuse scattering in the experimental pattern (feature (5)) cannot be explained by
surface roughness scattering, and is instead attributed to structural features. The scattering
from this feature extends to large q values, and the structure must therefore have a small size.
Furthermore, the scattering is isotropic, which suggests a spherical shape of the structure. The
structure might be residues (solvent or polymer) on top of the substrates or density fluctuations
within the substrates [253]. A spherical form factor is used in this work to describe the diffuse
scattering of the background. The enhancement of the diffuse scattering of the small spheres
at the Yoneda peak also explains feature (3) in the experimental pattern.

The questions arises which substrate the spheres should be attributed to, the silicon substrate
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Figure 6.5.: (a,b) Simulated 2D GISAXS patterns of a silicon substrates with roughnesses
σrms = 0.1 nm (a) or σrms = 5.0 nm (b) at an incident angle of αi = 0.22°. In both cases,
ξ = 200 nm and H = 1.0. (c) Schematic side view of a silicon substrate on top of the sample
stage. The incident beam impinges under a small angle and is scattered by both the silicon
substrate and aluminum stage due to its large footprint. Direct beam (DB) and specular reflected
beam (SB) are also indicated. (d) Schematic drawing of the simulation setup used to model the
background scattering.

or the aluminum stage. A clue is given by the significant diffuse scattering below the Yoneda
peak in the experiment, which must be due to scattering from the direct beam. Since the
direct beam scattering from the silicon substrate is attenuated by both the silicon substrate
and the aluminum stage, it is more likely that it originates from the edge of the aluminum
stage, where the path length through the substrate is small (see Figure 6.5c). Thus, the diffuse
scattering is simulated as spheres on top of the aluminum stage.
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The full setup to simulate the scattering of the bare silicon substrate and the background is
shown in Figure 6.5d. It is an incoherent sum of three independent simulations:

I (qy, qz) = I0,SiISi(qy, qz) + I0,AlIAl(qy, qz) + I0,DBIDB(qy, qz) + Icbg (6.2)

ISi(qy, qz) is the scattering pattern of a bare silicon substrate with roughness σrms,Si = 0.1

((i) in Figure 6.5d). IAl(qy, qz) is the scattering pattern of an aluminum substrate with
roughness σrms,Al = 5.0, which models the aluminum stage ((ii) in Figure 6.5d). The dispersion
and absorption coefficients of the refractive index of aluminum are δAl = 4.86 × 10−6 and
βAl = 52.44× 10−9, respectively. Thus, the critical angle of aluminum of αc,Al = 0.18° is close
to the one of silicon. Small spheres with radius RAl,sphere are placed on top of the aluminum
stage to account for the observed diffuse scattering. The density and scattering contrast of
the spheres are combined in a weighting term, WAl,sphere. IDB(qy, qz) is the scattering pattern
of the direct beam scattering of the small spheres on top of the aluminum stage, which is
achieved by placing the spheres in air ((iii) in Figure 6.5d). I0,Si, I0,Al and I0,DB are weight
terms of each contribution, which effectively describes the amount of the incoming beam
which scatters from either the silicon substrate, the aluminum stage, or is part of the direct
beam scattering, respectively. Icbg is a constant background. The incoherent sum assumes
the local monodisperse approximation, which is justified, because the surfaces are separated
macroscopically, i.e., well above the coherence length of the incoming beam.

To fit I (qy, qz) to the experimental scattering pattern, line cuts in characteristic regions of
the patterns are performed. All line cuts are shown in Figure 6.6. A horizontal line cut near the
direct beam (line cut I) gives information about the contribution of the direct beam scattering.
Since it is significantly below the Yoneda peak, the other scattering features are assumed to
be negligible in this region. In the horizontal line cut near the Yoneda peak, but avoiding the
specular reflected beam (line cut IIa), the contribution of the aluminum stage is dominant.
The vertical line cut (IIb) is dominated by the diffuse scattering and is used to model the
small spheres on top of the aluminum stage. The scattering from the silicon substrate is most
abundant at the narrow rod at qz = 0. Thus, horizontal line cut IIIa and vertical line cut IIIb
are performed to describe the scattering from the silicon substrate. It has been shown that
simultaneous fitting of horizontal and vertical line cuts are necessary to accurately determine
the roughness parameters of a surface [252].

The fitting procedure is as follows: At first, the parameters RAl,sphere and I0,DB are adjusted
to best describe line cut I and are kept constant afterwards. In a second step, line cuts IIIa
and IIIb are adjusted simultaneously by varying ξSi, HSi and I0,Si. This yields the roughness
parameters of the silicon substrate which are then kept constant. In the last step, line cuts IIa
and IIb are fitted simultaneously by using a least-square algorithm. In the fit, the parameters
I0,Si, I0,Al, ξAl, WAl,sphere, I0,DB and Icbg are varied. The Hurst parameter of the Aluminum stage
was set to HAl = 0.5 to avoid overfitting of the data.
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Figure 6.6.: Positions of line cuts used to compare the simulated 2D GISAXS patterns to the
experimental ones.

The procedure was followed for the scattering patterns obtained at several incident angles
which gave a conclusive set of parameters. The simulated (qy < 0) and experimental (qy > 0)
2D GISAXS patterns at all incident angles are shown in Figure 6.7. The simulations match
the experimental patterns well. The only notable differences are the absence of the specular
reflected beam and the direct beam scattering in the simulation. The radius of the small
spheres on top of the aluminum stage is found to best describe the data for RAl,sphere = 3.0

nm. The lateral correlation length of the aluminum stage has values of ξAl = 15-40 nm.
The agreement between simulation and experiment is further corroborated by the char-

acteristic line cuts shown in Figure 6.8. All line cuts from simulated patterns describe the
experimental ones well. The mismatch between simulation and experiment around qy = 0 in
Figure 6.8a is due to the direct beam, which is absent in the simulation.

In summary, the chosen simulation setup describes all features of the scattering pattern of a
bare substrate well, and can be used as a starting point to simulate the scattering pattern of a
polymer film. All relevant parameters are summarized in Table 6.2. In this section, a silicon
substrate was investigated with considerable scattering contributions from the aluminum sample
holder. The described procedure can be repeated for other substrate and/or sample holders to
obtain an accurate description of the background contribution of a specific experiment.
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Figure 6.7.: Experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns of bare
silicon substrates measured at the indicated incident angles and an exposure time of 0.8 s. The
measurements were performed at beamline D1 at CHESS. The positions of the specular reflected
beam and Yoneda peak are indicated with red crosses and red arrows, respectively.
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Figure 6.8.: Line cuts at the positions indicated in Figure 6.6 for the experimental patterns
(open symbols) and simulated patterns (solid lines) of a bare silicon substrate at the indicated
incident angles. (a) Horizontal line cut I. (b) Horizontal line cut IIa. (c) Vertical line cut IIb. (d)
Horizontal line cut IIIa. (e) Vertical line cut IIIb.
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parameter value description

I0,Si variable intensity of incoming photons scattering from
the silicon substrate

nSi 1− 4.35× 10−6 + i 58.72× 10−9 refractive index of silicon at λ = 0.117 nm

σrms,Si 0.1 nm root-mean-square roughness of the silicon sub-
strate

ξSi 200 nm lateral correlation length of the silicon substrate
HSi 1.0 Hurst parameter of the silicon substrate

I0,Al variable intensity of incoming photons scattering from
the aluminum stage

nAl 1− 4.86× 10−6 + i 52.44× 10−9 refractive index of aluminum at λ = 0.117 nm

σrms,Al 5.0 nm root-mean-square roughness of the aluminum
stage

ξAl variable lateral correlation length of the aluminum stage
HAl 0.5 Hurst parameter of the aluminum stage

WAl,sphere variable weight term of spheres on top of aluminum
stage

RAl,sphere 3.0 nm radius of spheres on top of aluminum stage

I0,DB variable intensity of incoming photons contributing to
direct beam scattering

Icbg variable constant background

Table 6.2.: Overview of parameters used to simulate the 2D scattering pattern of a bare silicon
substrate and the background contributions from aluminum sample stage and direct beam
scattering.
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6.4. Modeling the polymer film

The polymer film is modeled by using the setup obtained in section 6.3 and placing the film
on top of the silicon substrate, which yields the geometry shown in Figure 6.1. The film is
defined by a thickness, a surface roughness and a refractive index. While surface roughness and
refractive index can be determined from the GISAXS data alone, it is beneficial to know the
film thickness beforehand from another technique, e.g. from spectral reflectance or ellipsometry
measurements. If the roughness of the film is low and the film thickness not too high, the
film thickness can also be extracted from the characteristic fringes in the GISAXS pattern (see
Figure 3.7).

Figure 6.9 shows a representative 2D scattering pattern of a nanostructured polymer film on
top of a silicon substrate measured in this thesis. All features identified in the scattering pattern
of the bare substrate (Figure 6.3) are present. Additionally, significant diffuse scattering near
the specular reflected beam and a scattering peak at the Yoneda band are present (indicate
with black arrows), which are attributed to scattering from the nanostructure of the polymer
film. Similar to the bare substrate, line cuts in characteristic regions of the scattering pattern
are performed to construct a simulation setup, which has the form

I (qy, qz) = I0,filmIfilm(qy, qz) + I0,AlIAl(qy, qz) + I0,DBIDB(qy, qz) + Icbg (6.3)

The setup is very similar to equation 6.2, but the first term is now the scattering pattern of
a nanostructured polymer film on top of a silicon substrate, Ifilm(qy, qz), with weight I0,film,
which replaces the term of the blank substrate. Again, the local monodisperse approximation
is assumed.

At first, the refractive index of the polymer film, nfilm, is determined using line cut IIb. This is
done by locating the Yoneda band, from which, since the critical angle of silicon is known, the
critical angle of the film can be extracted. The dispersion coefficient of nfilm then follows from
equation 3.37. In the example shown in Figure 6.9, a value of δfilm = 2.6× 10−6 is obtained.
The absorption coefficient cannot be determined from the experimental data and must be
estimated. For the polymers in this work, theoretical values of βfilm/δfilm = 0.001-0.002 are
calculated. In this range, βfilm only weakly affects the scattering pattern (see Fresnel coefficients
in Figure 3.5). βfilm was therefore kept fixed at a value of 2.2× 10−9.

Next, the background contributions from the aluminum sample stage and the direct beam
scattering, as well as the scattering from the films surface roughness are adjusted. The
procedure is shown in Figure 6.10, where both the simulated pattern after each step (qy < 0)
and the experimental pattern (qy > 0) are shown.

In step 1, the direct beam scattering contribution (IDB(qy, qz)) is adjusted by varying I0,DB

and using line cut I. The value of I0,DB is then kept fixed during further steps.
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Figure 6.9.: Experimental 2D GISAXS pattern of a nanostructured polymer film on top of a
1.5×1.5 cm2 silicon substrate measured at an incident angle of αi = 0.14° and an exposure
time of 2.0 s. The measurements were performed at beamline D1 at CHESS. The position of
the specular reflected beam is indicated with a red cross. Scattering features attributed to the
nanostructure of the polymer film are indicated with black arrows. The positions of line cuts
used to analyze the pattern are indicated and are similar to the ones used to characterize the
bare substrate Figure 6.6).

In step 2, the roughness parameters of the film, σrms,film, ξfilm and Hfilm are determined. For
this, line cuts IIIa and IIIb of the simulated pattern are fitted simultaneously to the experimental
ones by varying the roughness parameters and I0,film. The roughness parameters of the silicon
substrate are kept fixed at the values found in section 6.3. Furthermore, it is assumed that the
background contributions and the scattering from the nanostructure are neglibile in this region
of the scattering pattern, which, after inspection of Figure 6.9, is justifiable. For the fit in
this step, the Simplicial Homology Global Optimization algorithm is used, which is suitable for
finding the global minimum of a minimization problem (rather than a local minimum, which is
found for example by the least-square algorithm) [266]. In the example shown in Figure 6.10,
the obtained roughness parameters are σrms,film = 0.61 nm, ξfilm = 2000 nm and Hfilm = 0.52.

In step 3, the contribution from the aluminum sample stage (IAl(qy, qz)) is adjusted by
varying I0,Al and ξAl and using line cut IIa. The other parameters are kept fixed at the values
found in section 6.3.

After performing the above steps, the simulated scattering pattern contains all contributions
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Figure 6.10.: Procedure to adjust the background contributions and the polymer film contribution
(without nanostructure) in the simulation setup. Step 1: adjustment of the direct beam scattering
(IDB(qy, qz)) using line cut I. Step 2: fitting of the roughness parameters of the film (Ifilm(qy, qz))
using line cuts IIIa and IIIb. Step 3: adjustment of the aluminum stage scattering (IAl(qy, qz))
using line cut IIa.

from surface roughness scattering and the background. Thus, the features not accounted for
so far must be related to the nanostructure of the polymer film. For example, in Figure 6.9,
these are the significant diffuse scattering near the specular reflected beam and the peak near
the Yoneda band which are indicated by black arrows. The nanostructure is modeled by placing
particles of a suitable shape inside or on top of the film, as was shown earlier in the basic
simulation setup (Figure 6.1).

In BornAgain, many particle shapes are available [191]. Additionally, complex shapes can
be created by a so-called Particle Composition. Thus, in practice, any imaginable shape
can be simulated. The particles can be freely rotated and can have a size distribution. In
the case of particles inside the film, the question arises at which depth the particles should
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be placed (parameter z in Figure 6.1). To answer this, several simulations of Ifilm(qy, qz)

are performed, using the roughness parameters determined previously. The nanostructure is
modeled by spheres which have a radius of Rsphere = 10 nm and are size distributed according
to a Gaussian distribution with standard deviation σsphere = 2 nm. The spheres are placed at
various depths inside the film, ranging from one to ten equally spaced layers of depths (see
scheme in Figure 6.11). The magnitude of the sphere scattering is adjusted manually to have
similar intensities. Horizontal line cuts in the Yoneda band are shown in Figure 6.11a and
b. No significant differences between the different placements are found, indicating that the
out-of-plane scattering is independent of the particle depth.

Figure 6.11.: Horizontal and vertical line cuts of scattering patterns of Ifilm(qy, qz) simulated
with spheres with radius of Rsphere = 10 nm and Gaussian size distribution with standard deviation
σsphere = 2 nm positioned inside a film with thickness 60 nm at various depths as illustrated
in the scheme at the right. Multiple layers of depths are equally spaced. The spheres are not
actually vertically stacked in the simulation, i.e., they are not vertically correlated. (a) Horizontal
line cut at qz = 0.277 nm−1. (b) Zoom of (a). (c) Vertical line cut at qy = 0.190 nm−1. (d)
Zoom of (c).

Large differences are found in the vertical line cuts in Figure 6.11c and d. Especially the
placements near the interfaces (bottom or top) or in the center of the film have notable
differences. These differences are averaged out upon increasing the number of sphere layers.



102 Chapter 6. Strategy to calculate 2D GISAXS patterns of polymer films

Thus, the scattering from single layers of particles localized at a certain depth inside the polymer
film can be distinguished from an even distribution. For even distributions, it is found that
increasing the number of layers from 5 to 10 does not change the vertical line cuts significantly.
Thus, if not stated otherwise, 5 layers of particles are used in this work to describe particles
evenly distributed among the film normal.

The correlation between particles is modeled by the use of a structure factor S(qy, qz). In
BornAgain, structure factors of 2D lattices and paracrystals, and the hard-sphere structure factor
are available [191]. Crystal structures or mesocrystals can be modeled as well. For polymeric
systems, the order is usually not perfect which results in weak correlation. Therefore, the
radial paracrystal model is best suited to describe their correlation [255, 267]. The parameters
of the radial paracrystal are the average distance between particles, D, and the width of the
distribution function of the particle position, w . In this work, the distribution function is
assumed to be Gaussian. The shape of S(qy, qz) for D = 20 nm and various values of the
width of the Gaussian distribution is shown in Figure 6.12a as a function of qy and constant qz.
For small values of w , the correlation is strong and S(qy, qz) has a prominent first order peak
and smaller peaks of higher order. As w increases, the peaks broaden and their amplitudes
decrease, and especially the higher order peaks vanish.

Figure 6.12.: (a) Structure factor of a radial paracrystal with D = 20 nm and various width of
the Gaussian distribution, w as a function of qy at constant qz. (b) Full pattern of S(qy, qz) for
w = 5 nm.

The 2D radial paracrystal is limited to correlations in the film plane. This becomes clear in the
full pattern of S(qy, qz) in Figure 6.12b, which shows that the structure factor is independent
of the qz value. This limits the simulation of particle correlations to the lateral correlations. In
the case of nanostructured films with particle correlations other than in the film plane, the
absence of their correlation in the simulation leads to an expected deviation of the in-plane
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(vertical) line cuts from the simulated compared to the ones from the experimental scattering
patterns.

After the nanostructure has been modeled, for example by correlated spheres as described
above, the last step is to fit the simulated scattering pattern to the experimental one and
use the parameters describing the nanostructure as fit parameters. For that purpose, suitable
line cuts have to be identified. In this work, line cut IIa has been used to fit the structural
parameters using a least-square algorithm. Line cut IIb was used to judge the quality of the fit.
The reason why line cut IIb cannot be used for fitting is the limitation of the structure factor,
which only accounts for lateral correlations.

In the example of the correlated spheres, the following parameters should be varied during
the fit: Wsphere, Rsphere, σsphere, D, w , I0,Al, ξAl, WAl,sphere and Icbg. Wsphere is a weight term
describing the magnitude of scattering intensity from the correlated sphere. I0,Al, ξAl, WAl,sphere

have to be varied since the contribution from the aluminum stage was also evaluated using line
cut IIa.

In conclusion, it is possible to correlate the background contributions determined in section
6.3 to the scattering pattern from the polymer film, and to determine the roughness parameters
of the film surface using the procedure shown in Figure 6.10. This way, the scattering features
from the nanostructure of the polymer film can be isolated and fitted unambiguously. The
parameters of the simulation including the polymer film are summarized in Table 6.3 for the
case of a nanostructure of correlated spheres.
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parameter value description

I0,film variable intensity of incoming photons scattering from
the polymer film on top of the substrate

nfilm 1− δfilm + iβfilm refractive index of the polymer film

σrms,film variable root-mean-square roughness of the polymer film
surface

ξfilm variable lateral correlation length of the polymer film
surface

Hfilm variable Hurst parameter of the polymer film surface

Wsphere fit parameter weight term of spheres
Rsphere fit parameter radius of spheres
σsphere fit parameter standard deviation of size distribution of spheres

D fit parameter average lateral distance between spheres

w fit parameter width of the distribution function of the radial
paracrystal

Table 6.3.: Overview of parameters in the simulation setup describing a polymer film with a
nanostructure of correlated spheres.

6.5. Conclusions

In this chapter, a strategy to simulate 2D GISAXS patterns of nanostructured polymer films and
subsequently fit them to the experimental patterns was outlined. The simulations are performed
within the DWBA without further assumptions, and explicitly include the diffuse scattering from
rough surfaces and potential background contributions. By following the procedures in sections
6.3 and 6.4, the parameters describing these contributions can be determined, which allows to
isolate the scattering from the nanostructure of the polymer film. This allows to extract more
information about the nanostructure than commonly achieved, and reduces the ambiguity of
the interpretation of the scattering pattern. Another advantage is that the scattering patterns
become more realistic, which usually have scattering peaks that are too sharp [261, 262].

The strategy is used for the analysis of all GISAXS patterns in this work. Films from different
polymeric systems, having varying nanostructures, and measured at different beamlines are
successfully characterized, which highlights the applicability and the robustness of the strategy.
In chapter 8, films with a nanostructure of correlated spheres are investigated. In chapter 9,
films with a cylindrical nanostructure are investigated.
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The systematic approach of the strategy allows to automatize large parts of the fitting
procedure, which makes the strategy suitable for the analysis of in situ time-resolved data.





Part II.

Experimental results
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7. Multi-responsive micelles from a
pentablock quaterpolymer

Large parts of this chapter are based on ”Structural Properties of Micelles Formed by Telechelic
Pentablock Quaterpolymers with pH-Responsive Midblocks and Thermoresponsive End Blocks
in Aqueous Solution”, F. A. Jung et al. Macromolecules 2019, 52, 9746-9758 [200].

7.1. Introduction

In this chapter, the self-assembly behavior of the multi-responsive pentablock quaterpolymer
TDE (introduced in chapter 4.1) in dilute aqueous solution is investigated. Based on previous
results [33], it is known that the partially hydrophobic P(TEGMA8-co-nBuMA8) end blocks
aggregate in aqueous solutions and form the cross-links of a transient network at concentrations
above cgel. Due to the thermoresponsiveness of the TEGMA segments, the strength of the gel
depends strongly on temperature. At temperatures above the LCST, the activation energy of
chain exchange increases, which was explained by an increased hydrophobicity of TEGMA. It is
expected that the strength of the gel also depends on the structural properties of the micelles
which form the gel. In particular, the fraction of elastically active chains, i.e., chains that form
bridges rather than loops or dangling ends, influences the gels’ mechanical properties [268].
This fraction is a delicate balance of the free energy minimization of end blocks and midblocks,
which, for TDE, is a function of both pH and temperature. Therefore, it is important to
investigate the structural properties of single micelles in order to understand their influence
on the properties of the gel they form. To that end, structural investigations of the micelles
formed by self-assembly of TDE in dilute solutions are performed. Below cgel, where no gel or
transient network is formed, the pH and temperature responsive structural properties of the
single micelles can be investigated.

Compared to the polymer in ref. [33], TDE has shorter end blocks and additionally features
a central PEG block. Thus, micelles from TDE are expected to be more dynamic (due to
shorter associative blocks) and have a more flexible midblock (due to lower amount of ionizable
groups). An additional conclusion of the work is therefore the comparison of the self-assembly
behavior of the two chain architectures.

109
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The structure of the chapter is the following: The pD and temperature dependence of
the micellar size in dilute aqueous solutions is investigated in section 7.3 using DLS. To gain
insight about the inner structure of the micelles, SANS experiments are performed, which are
outlined in section 7.4. The structural model used to analyze the scattering curves is verified by
complementary SAXS and SLS measurements in section 7.5. Finally, the results are summarized
in section 7.6 and an overview of the self-assembly of the pentablock quaterpolymer under
different stimuli is given.

7.2. Sample preparation

The aqueous solutions were prepared by dissolving the polymer in D2O (99.95%, Deutero
GmbH, Kastellaun, Germany) at concentrations of 0.1 and 1 wt % (DLS), 1 wt % (SAXS/SLS)
or 2 wt % (SANS) and by stirring the mixtures overnight. D2O was used due to the high
scattering contrast for neutrons. Then the solutions were filtered with a 0.8 µm mixed cellulose
ester syringe filter and again stirred overnight. Afterwards, the pH of the solution is adjusted
using small amounts of 1 M HCl. By the naked eye, none of the samples were found to form a
gel, i.e., the concentrations are below the critical gel concentration cgel.

The dissociation constant, pKa, is determined by measuring a titration curve. 1 M HCl is
added to a 1 wt % polymer solution in D2O. The pH value is measured using a Metrohm 826
pH meter with a glass electrode and was converted to pD using the relation pD = pH + 0.4
[269]. The resulting titration curve is shown in Figure 7.1a. The curve has the typical shape of
a strong acid being added to a weak base [270]. The volume at the steepest point of the curve
is called the equivalence point. The pKa is defined as the pH at half the equivalence point.
From the titration curve, a value of pKa ≈ 7.5 is determined. The value is attributed to the
pKa of the PDMAEMA block and is close to the reported literature values [142, 143, 208].

The calculated degree of ionization, α, of PDMAEMA is shown in Figure 7.1b. The
investigated solutions are indicated with open symbols. An overview of the pD values and
corresponding degree of ionizations for all solutions investigated in this chapter with different
methods is given in Table 7.1.
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Figure 7.1.: (a) Titration curve of a 1 wt % solution of TDE in D2O. The red line is a guide
to the eye. The equivalence point and the half-equivalence point are marked. The resulting
pKa is ≈ 7.5. (b) Calculated degree of ionization of PDMAEMA as a function of the pD value
using equation 2.22. Open symbols indicate the degree of ionization of the investigated solutions.
Adapted with permission from [200]. Copyright (2019) American Chemical Society.

method concentration pD αb

DLS

0.1 wt %a

2.5 1.00
3.8 1.00
7.3 0.61
8.3 0.14

1 wt %a

2.2 1.0
4.0 1.0
7.2 0.67
8.2 0.17

SAXS/SLS 1 wt %a

2.2 1.0
4.0 1.0
7.2 0.67
8.2 0.17

SANS 2 wt %a
1.9 1.00
8.5 0.09

Table 7.1.: Overview of sample parameters of the TDE solutions investigated in this chapter.
aD2O solution. bCalculated with pKa,PDMAEMA = 7.5.
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7.3. Dependence of micellar size on pD and temperature

DLS measurements are performed to detect micelles or aggregated particles in the dilute
solutions, and to determine their hydrodynamic radii. pD values are adjusted between 2.2
(large α) and 8.3 (small α), and temperatures are varied between 10 °C (partially hydrophobic
end blocks) and 60 °C (fully hydrophobic end blocks). At each set of parameters, 5-10
autocorrelation functions are measured for 30 s while also varying the scattering angle θ

between 60° and 120°. Subsequently, the autocorrelation functions at each condition are
averaged after removing those containing artefacts. The autocorrelation functions of the 1
wt % solutions at θ = 90° obtained in this way are shown in Figure 7.2. The curves at other
θ have similar shapes. At all pD values, the curves feature a single decay which is centered
around delay times of 0.1-1 ms. The decay indicates that particles are present in the solutions,
i.e., the self-assembly of TDE into micelles is confirmed.

Figure 7.2.: DLS normalized autocorrelation functions of 1 wt % TDE solutions in D2O measured
at an scattering angle of θ = 90° and at pD values of (a) 2.2, (b) 4.0, (c) 7.2 and (d) 8.2.
Temperatures are varied between 10 and 60 °C. Open symbols are the measured data and solid
black lines are the best fits (see text). Adapted with permission from [200]. Copyright (2019)
American Chemical Society.

With increasing temperature, the decays shift to smaller τ , which is most prominent for
the largest pD value 8.2. Assuming spherical particles, the decay time is proportional to
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τ0 ∝ ηRhT−1 (derived from equations 3.5 and 3.7). η, the viscosity of D2O, decreases
with increasing temperature. Thus, the shift of the decay towards smaller τ with increasing
temperature is either an effect of the temperature itself and the related viscosity change, or is
due to a decrease of Rh. Since the shift is more prominent at pD 8.2 compared to the other pD
values, it is expected that the micelles formed at this pD value decrease in size with increasing
temperature. This thermoresponsive behavior may be attributed to the thermoresponsive end
blocks, or to the PDMAEMA block which is thermoresponsive at high pD values [142, 143].
At a pD value of 8, the cloud point of PDMAEMA is expected to be at least 55 °C [142].

The initial analysis of the autocorrelation functions is performed using REPES [171]. The
calculated size distributions (PtR = 0.5) are shown in Figure A.1. Broad peaks which are
centered around ∼50 nm are observed for pD 2.2, pD 4.0 and pD 7.2. At pD 8.2 the peaks are
slightly more narrow and are centered around 20-30 nm. For single micelles, the distributions
are rather broad and skewed. Furthermore, the distributions depend critically on the value
chosen for PtR . Figure 7.3 shows that upon varying PtR , the same autocorrelation function
can be described by one broad size distribution or by two narrow distributions. The two
distributions are close, which is why, at higher PtR , the two peaks are merged. The smaller
Rh are attributed to the size of single micelles, and the larger Rh to small clusters formed by
the micelles.

Figure 7.3.: Distribution of hydrodynamic radii, G (Rh) of a 1 wt % solution at pD 2.2 and
at 10 °C plotted in the equal area representation G (Rh)Rh as a function of Rh. Depending on
the value the Probability to Reject parameter, a broad skewed peak or two separate peaks are
observed. Adapted with permission from [200]. Copyright (2019) American Chemical Society.

To be able to distinguish micelles and clusters and avoid the arbitrary choice of PtR , the
autocorrelation functions are fitted with a model assuming a bimodal distribution, i.e., a sum
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of two decays. The single micelles are modeled by an exponential decay and the clusters by a
stretched exponential function owing to their expected dispersity:

g1(q, τ) = Amice−Γmicτ + (1− Amic) e−(Γcluτ)ν (7.1)

Amic and Γmic are the amplitude and decay rate of the decay related to single micelles, respectively.
Γclu and ν are the decay rate and stretching exponent of the stretched exponential decay related
to the clusters, respectively. Fits of equation 7.1 to the autocorrelation functions are shown in
Figure 7.2 as solid lines and describe the data well.

The values of Γmic are shown in Figure 7.4 as a function of q2 . For all pD and temperature
values, a linear dependence with intersection 0 is observed, which indicates purely translational
diffusion of the micelles [271]. Thus, the micelles have a spherical shape rather than an
elongated shape, from which additional rotational diffusion modes would arise. From linear fits,
the diffusion coefficient of the micelles can be calculated using equation 3.5, which, using the
Stokes-Einstein equation 3.7, is converted to the hydrodynamic radius, Rh,mic. The values of
Γclu are shown in Figure A.2. They deviate slightly from linearity, which is attributed to the
dispersity of the clusters. Still, the same procedure as for Γmic is applied to estimate the size of
the clusters, Rh,clu.

Figure 7.4.: Decay rates of the fast mode related to micelles, Γmic, obtained from the fits (shown
in Figure 7.2 for θ = 90°) as a function of q2. Solid lines are linear fits. Adapted with permission
from [200]. Copyright (2019) American Chemical Society.
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The temperature dependence of the parameters of fits to the autocorrelation functions
using equation 7.1 are shown in Figure 7.5. Rh,mic is independent of the temperature and has
values of 30-35 nm for pD 2.2-7.2 (Figure 7.5a). At pD 8.2, Rh,mic is lower and decreases with
increasing temperature, namely from 25 nm at 10 °C to 18 nm at 60 °C. The behavior of
Rh,clu is similar, which has values of 80-130 nm for pD 2.2-7.2, and values of 50-75 nm for pD
8.2 (Figure 7.5b). A slight decrease of Rh,clu with increasing temperature is found at pD 8.2,
whereas no clear trend exists for the other pD values.

Figure 7.5.: Fit parameters of the 1 wt % solutions as a function of the temperature and for all
pD values. (a) Hydrodynamic radius of micelles, Rh,mic. (b) Hydrodynamic radius of clusters,
Rh,clu. (c) Amplitude of the fast decay attributed to the micelles, Amic. (d) Exponent of the
stretched exponential function describing the clusters, ν. The shown values of Amic and ν are
average values of all scattering angles. Adapted with permission from [200]. Copyright (2019)
American Chemical Society.

The amplitude of the single decay in the autocorrelation functions, Amic, which is proportional
to the fraction of single micelles, has values between 0.60 and 0.75, and increases slightly with
temperature for all pD values (Figure 7.5c). The increase is most prominent for the highest
pD 8.2. Thus, the fraction of single micelles is high and increases with increasing temperature.
The exponent of the stretched exponential describing the clusters, ν, has values of 0.74-0.84
(Figure 7.5d). Values below unity indicate disperse clusters. No clear dependence of ν on
temperature or pD is found.
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To understand the pD dependence of the parameters, it is helpful to also plot Rh,mic and
Amic as a function of the pD value. Rh,mic increases with decreasing pD value until a maximum
between pD 4.0 and pD 7.2 (Figure 7.6a). At lower pD values, Rh,mic decreases slightly. Amic

overall decreases with decreasing pD, indicating that at lower pD values, more clusters are
present compared to high pD values.

Figure 7.6.: Same parameters as in Figure 7.5, but plotted as a function of the pD value. (a)
Hydrodynamic radius of micelles, Rh,mic. The shaded areas indicate the estimated maximum
radius of micelles with dangling ends or with loops, see text. (b) Amplitude of the fast decay
attributed to the micelles, Amic. Adapted with permission from [200]. Copyright (2019) American
Chemical Society.

In order to characterize the obtained values of Rh,mic, and to explain the pD and temperature
trends, the maximum radii of micelles with dangling ends or loops are estimated. For that
purpose, the contour length and the end-to-end distance of each block of TDE are calculated
and summarized in Table 7.2. In case of dangling ends, the maximum radius of micelles is
the contour length of TDE, which amounts to 2 × L0,P(nBuMA−T EGMA) + 2 × L0,PDMAEMA +

L0,PEG = 49.7 nm (Figure 7.7a). In case of loops, the maximum radius is L0,P(nBuMA−T EGMA) +

L0,PDMAEMA + 0.5 × L0,PEG = 24.9 nm (Figure 7.7b). It is reasonably to assume that the
PEG block has the conformation of a Gaussian chain, since it water-soluble at all pD and
temperature values, and has a high degree of freedom since it is not directly connected to the
hydrophobic core of the micelles. For dangling ends, the maximum radius of micelles is then
2× L0,P(nBuMA−T EGMA) + 2× L0,PDMAEMA + Ree,PEG = 36.8 nm (Figure 7.7c). For loops, it is
L0,P(nBuMA−T EGMA) + L0,PDMAEMA + Ree,PEG = 20.2 nm (Figure 7.7d). It should be noted that
the maximum radii could be higher due to dispersity.

The estimated maximum radius of micelles with dangling ends or loops is indicated in
Figure 7.6a with grey and brown shaded areas, respectively. For pD 2.2-7.2, Rh,mic is above
the maximum radius of micelles with loops and below the maximum radius of micelles with
dangling ends. Thus, in this range of pD values, dangling ends must be present which are
rather stretched. At pD 8.2, Rh,mic is at or below the maximum radius of micelles with loops.
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Figure 7.7.: Schematic illustration of the maximum micellar radius, Rmax, in case of dangling
ends (a,c) or loops (b,d). Colors indicate P(nBuMA-co-TEGMA) (red), PDMAEMA (blue) and
PEG (brown). In (c) and (d), the PEG block is assumed to be coiled. Adapted with permission
from [200]. Copyright (2019) American Chemical Society.

Therefore, it is possible that loops are present. Since the midblocks would be almost fully
stretched in the loop conformation (Rh,mic is close to Rmax,loop), which would be entropically
unfavorable, it is assumed that some dangling ends exist as well, which increase the measured
hydrodynamic radius. The fraction of dangling ends is assumed to be lower for pD 8.2 than it
is for pD 2.2-7.2, where high values of Rh,mic indicate a large number of dangling ends. The
coexistence of dangling ends and loops in micelles from telechelic block copolymers has been
reported before [160, 179, 272]. A reason for the existence of dangling ends in micelles from
TDE is that the hydrophobicity of the end blocks is low (small size and the TEGMA segments

polymer segment length ba N L0 Ree
b

PnBuMA 0.252 nm 8 4.0 nm 1.3 nmPTEGMA 0.252 nm 8
PDMAEMA 0.252 nm 50 12.6 nm 2.6 nm

PEG 0.359 nm 46 16.5 nm 3.6 nm

Table 7.2.: Estimation of the contour length, L0, and end-to-end distance a Gaussian real chain,
Ree, for each block of TDE. aCalculated using C-C and C-O bond length of 0.154 nm and 0.143
nm, respectively, and assuming an angle between bonds of 109.5°. bCalculated using equation
2.9.
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are hydrophilic at low temperatures). Therefore, the free energy penalty of forming a loop is
larger than the free energy penalty of a hydropobic end block in contact with the solvent [273].

The reason for the higher fraction of dangling ends at lower pD values may be found in the
pD dependence of Rh,mic (Figure 7.6a). The increase with decreasing pD until the maximum is
attributed to a stretching of the PDMAEMA blocks due to an increasing degree of ionization
[158, 159, 208]. The decrease after further decreasing the pD value is due to screening of
electrostatic interactions, which has been observed for PDMAEMA based telechelic triblock
copolymers [162]. At very low pD values, PDMEAMA is fully protonated and the high ionic
strength of the solution leads to charge screening. The protonation of the midblock promotes
the formation of dangling ends, as was shown in previous work on telechelic BCPs with charged
midblocks [160, 161, 272, 274]. Due to the higher fraction of dangling ends, cluster are more
easily formed through bridging, which explains the slight decrease of the amount of single
micelles in Figure 7.6b.

In the protonated state of PDMAEMA (pD values 2.2-7.2), the dangling ends are stable with
increasing temperature (Figure 7.5a). Thus, the increased hydrophobicity of the end blocks
at higher temperatures does not promote a transition from dangling ends to loops. Rather,
the dangling ends appear to be stabilized by the high stiffness of the stretched protonated
PDMAEMA blocks. It could be expected that the additional PEG block promotes looping
since it allows both PDMAEMA blocks to remain stretched. The fact that this is not observed
indicates that not only the intramolecular electrostatic interactions play a role, but also the
intermolecular interactions between the charged PDMAEMA blocks in the micellar shell are
important. Looping increases the charge density in the shell, since in this case, both PDMAEMA
blocks are attached to the micellar core.

At pD 8.2, where PDMAEMA is only weakly charged, the decrease of Rh,mic with increasing
temperature can be due to two reasons. The first reason is a collapse of the PDMAEMA block
at high temperatures due to its thermoresponsiveness at higher pD values. The second reason
is a transition of dangling ends to loops, which is enabled by the increased hydrophobicity of
the end blocks. From the DLS data alone, it is not possible to distinguish between the two
cases. The increase of Amic with increasing temperature in Figure 7.5c is plausible in both
cases. A collapse of the PDMAEMA blocks reduces the reach of bridges, since only PEG
remains hydrophilic, and fewer clusters are formed. Similarly, considering a transition to loops,
less dangling ends are available as bridges for cluster formation.

To rule out an effect of the polymer concentration on the analysis and interpretation of the
DLS results, measurements are also performed for 0.1 wt % solutions in D2O. The results of
the analysis are shown in the Appendix in Figures A.3, A.4 and A.5. For all parameters, the
same trends are observed upon variation of the pD value and the temperature.
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7.4. Investigation of the inner structure of the micelles

To investigate the inner structure of the micelles, and to test the hypotheses made in the
interpretation of the DLS data, SANS experiment are performed at the KWS-1 instrument at
the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching. Details about the experimental setup
and procedure can be found in chapter 3.2. 2 wt % solutions with pD values of 1.9 and 8.5
are investigated in a temperature range of 10 to 60 °C. The two pD values reflect the fully
ionized state and the weakly ionized state of PDMAEMA, which showed significant differences
in the DLS investigation. The reason why 2 wt % is chosen and not 1 wt % as was is the
case for DLS is that SANS measurements take long time and the available beamtime was
limited. The higher concentration yielded a stronger scattering signal and allowed to reduced
the measurement time. For the same reason, D2O was used to enhance the scattering contrast.

The obtained scattering curves are shown in Figure 7.8. All curves have a similar shape and
vary only weakly with pD or temperature. At small q values below 0.01 Å−1, weak forward
scattering indicates the presence of clusters. At higher q values, two pronounced shoulders are
observed at q ∼0.015 Å−1 and q ∼0.06 Å−1 , which are ascribed to form factor scattering
from single micelles. The single micelles appear to be uncorrelated, as no scattering peak which
could be associated to a structure factor is recognized. These observations are consistent with
the DLS data, where a coexistence of single micelles and clusters was found.

Plotting the data in the Kratky representation I (q)q2 vs q gives information about the shape
of the micelles (Figure 7.9). A peak in the Kratky plot indicates the presence of spherical
or globular particles, whereas a plateau followed by a monotonous increase indicates swollen
chains [275–277]. The present Kratky plots feature both, a peak at small q which, after a
plateau, transitions into a monotonous increase. Thus, the micelles have a compact core,
presumably formed by the hydrophobic end blocks, and a strongly swollen shell of the hydrophilic
PDMAEMA and PEG. For both pD values, the amplitude of the peak increases with increasing
temperature. The effect is more pronounced at pD 8.5 (Figure 7.9b) compared to pD 1.9
(Figure 7.9a). This might be due to water in the micellar core, which reduces the scattering
contrast compared to a dry core. With increasing temperature, the hydrophobicity of the end
blocks increases and water is expelled from the core, which increases the scattering contrast.
A certain fraction of water in the core of micelles formed by a polymer with similar end blocks
was also found in a previous study [33].

Previously, the form factor of a core-shell sphere with compact core and shell was used to
describe the scattering from telechelic BCPs similar to this study [33]. The inspection of the
SANS curves and Kratky plots in this work indicate however that the shell is not compact, but
rather consists of strongly swollen polymer chains. Therefore, the core-shell model described
in chapter 3.2 is used instead [178, 179]. It assumes a homogeneous core formed by the
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Figure 7.8.: SANS scattering curves of 2 wt % TDE solutions in D2O at pD 1.9 (a) and pD 8.5
(b) and temperatures between 10 and 60 °C (open symbols). For clarity, the curves are shifted
upwards by factors of 3.5, 10, 35, 100, and 350, and every second data point is shown. Solid
black lines are best fits to the data. More details about the fits are given in the text. Adapted
with permission from [200]. Copyright (2019) American Chemical Society.

P(nBuMA-co-TEGMA) end blocks, which contains a certain fraction of water and has a
roughness. The shell, formed by PDMAEMA-b-PEG-b-PDMAEMA midblocks is given by a
radially decaying density profile, and the scattering from single chains in the shell is given
explicitly. The fraction of dangling ends and loops can be adjusted. Clusters formed by a
number of randomly connected micelles are also part of the model. An overview of the model,
including the model parameters, is given in Figure 3.3.

Due to the large number of model parameters, not all parameters can be varied during the
fit to prevent overfitting of the data. The varied parameters are the radius of gyration of the
swollen chains in the shell, Rg,shell, the micellar radius, Rm, the aggregation number of the
micelles, Nagg, the fraction of water in the core, fwater and the fraction of clusters, fclu. The
radius of the micellar core, Rc, is calculated using equation 3.29. The calculated scattering
length densities and molar volumes are summarized in Table 7.3. Since they chains are assumed
to be strongly swollen, and the end blocks are rather short, the mass densities of the respective
monomers are used for the calculation. In the fits, the scattering length density of the core is
further modified by fwater according to equation 3.24. The fraction of loops, floop, enters in the
model in equations 3.23 and 3.22 via the volumes of the blocks in the core and in the shell.
Since the volume of the end blocks is significantly smaller than the volume of the midblocks
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Figure 7.9.: Kratky representation (I (q)q2 vs q) of the data shown in Figure 7.8 at pD 1.9 (a)
and pD 8.5 (b). In the insets, an enlarged part of the peak at small q is shown. Adapted with
permission from [200]. Copyright (2019) American Chemical Society.

(more than six times), floop influences the model only weakly, and is therefore kept fixed at a
value of 0.5. The volume fraction of the polymer in solution, φp, is 0.023 at 2 wt %.

segment / block elemental
composition

ρm

[g / cm3]

ρ [278]
[10−6 Å−2]

V

[cm3 / mol]

nBuMA C8H14O2 0.89 [279] 0.47 159.8
TEGMA C11H20O5 1.03 [280] 0.73 225.5

DMAEMA C8H15NO2 0.933 [281] 0.65 168.5
EG C2H4O 1.12 [282] 0.63 39.3

P(nBuMA8-
co-TEGMA8)

0.62a 3081.8b

PDMAEMA50-b-PEG46-
b-PDMAEMA50

0.64a 18659.2c

D2O D2O 1.11 6.38 18.1

Table 7.3.: Parameters used to calculate the neutron scattering length densities, ρ, and molar
volumes, V , for each segment or block and for D2O. aCalculated based on the volume fractions
of the components. bVc in equation 3.21. cVsh in equation 3.21.

The relative width of the micellar surface, σm, and the roughness of the core-shell interface,
σint, are found to describe the scattering curves reasonably well at values of 0.1 and 10 Å,
respectively. These values are obtained by adjusting them by hand and keeping them fixed in
the fit. In a similar way, νchain (interaction between chains in the shell) is found to give best
fits at values of -0.6 for pD 1.9 and -0.7 for pD 8.5. The negative values of νchain indicate
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repulsive interactions between polymer chains in the micellar shell, which are due to electrostatic
repulsion of the positively charged PDMAEMA segments [183]. Even at pD 8.5, α is still 0.09
and charges are present. The fractal dimension describing the chain conformation in the shell,
df , is found to describe the data best at a value of 2.3 and is kept fixed during fitting. This
value is obtained from the slope of the scattering curve at high q values (> 0.1 Å−1). Nclu

and Dclu are estimated from Rh,mic and Rh,clu obtained from DLS and fixed at 30 and 50 nm,
respectively. A full fit to obtain the cluster size is not possible due to the limited q range.

Optimal fits are achieved using a least-square algorithm which describe the data well (solid
lines in Figure 7.8). The corresponding fit parameters are summarized in Figure 7.10. The
radius of gyration of the chains in the shell, Rg,shell, is shown in Figure 7.10a. At pD 1.9, Rg,shell

lies between 5.0 and 5.2 nm, and at pD 8.5, it lies between 4.0 and 4.3 nm. The larger Rg,shell

at pD 1.9 compared to pD 8.5 is attributed to the stretching of the PDMAEMA blocks due to
the high degree of ionization. The weak temperature dependence of Rg,shell at both pD values
implies that the PDMAEMA block does not collapse up to temperatures of 60 °C.

Figure 7.10.: Fit parameters of the fits shown in Figure 7.8 as a function of temperature at pD
1.9 (blue circles) and pD 8.5 (red triangles). (a) Radius of gyration of the polymer chains in
the micellar shell, Rg,shell. (b) Total micellar radius, Rm. (c) Radius of micellar core, Rc. (d)
Aggregation number of the micelles, Nagg. (e) Fraction of water in the micellar core, fwater.
(f) Fraction of clusters, fclu. Adapted with permission from [200]. Copyright (2019) American
Chemical Society.

At pD 1.9, the micellar radius Rm (Figure 7.10b) increases from 13.7 nm at 10 °C to 13.9
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nm at 60 °C. This behavior is in agreement with the one of Rh,mic in DLS, in that only a
small increase of Rm is observed. At pD 8.5, Rm increases from 12.6 to 14.1 nm, which is in
contrast to the behavior of Rh,mic, which decreases with increasing temperature. Moreover, the
absolute values of Rm are significantly smaller than the ones of Rh,mic, which is unlikely to be
due to the difference in concentration between the DLS and SANS solutions. To highlight the
discrepancies between the two micellar radii, the measured values of Rm and Rh,mic are plotted
in Figure 7.11a and b for comparable pD values. Large Rh values compared to Rm values were
observed by Zinn et al. in mixtures of diblock and telechelic BCPs, and the difference became
larger with increasing fraction of telechelic BCPs [179]. Other studies on core-shell systems
attributed the discrepancy to the low density of chains in the outer part of the shell, which do
not contribute to the scattering but influence the diffusion behavior of the micelle [283–285].

Figure 7.11.: Comparison of micellar radius measured with SANS (Rm in (a)) and DLS (Rh,mic

in (b)) at similar pD values. Note that the polymer concentrations are slightly different, namely
1 wt % for DLS and 2 wt % for SANS. (c) Schematic illustration of a micelle formed by TDE in
dilute aqueous solution at low temperatures and pD values at which PDMAEMA is protonated.
Colors represent nBuMA (gray), TEGMA (red), PDMAEMA (blue), and PEG (brown). Plus signs
indicate protonated segments. The core radius, Rc, the micellar radius measured with SANS,
Rm, and the hydrodynamic radius measured with DLS, Rh,mic, are indicated and drawn to scale.
Adapted with permission from [200]. Copyright (2019) American Chemical Society.

Based on the comparison of Rm and Rh,mic, the structure of the micelles shown in Figure
7.11c is proposed. The micelles have a core consisting of the P(nBuMA-co-TEGMA) end
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blocks and a shell of PDMAEMA-b-PEG-b-PDMAEMA midblocks which form both loops and
dangling ends. The shell has an outer part of well dissolved dangling ends which has a weak
scattering contrast compared to the denser inner part formed by the loops. Therefore, the
neutrons ”see” only the inner part and Rm reflects the radius of loops, whereas in DLS the
whole micellar radius, including the dangling ends, is measured. Single chain scattering in the
outer part of the shell is still present, since locally the polymer chains have a large enough
scattering contrast. The temperature dependence of Rm and Rh,mic fits well to the case of
a transition of dangling ends to loops with increasing temperature. Rh,mic decreases since
the fraction of dangling ends decreases. Rm increases slightly since a higher fraction of loops
means that they are more densely packed around the micellar core and steric hindrances lead
to stretching of the loops.

The core radius, Rc, (Figure 7.10c) has values between 4.9 and 5.1 nm at pD 1.9 and
between 5.5 and 5.9 nm at pD 8.5 with no clear temperature dependence. A larger core radius
implies a denser arrangement of the PDMAEMA blocks attached to the core surface compared
to smaller radii. At pD 8.5, the degree of ionization of the PDMAEMA blocks is low and a
denser arrangement is more favorable compared to the high degree of ionization at pD 1.9,
where significant electrostatic repulsion prevents a dense arrangement.

The aggregation number of the micelles, Nagg, is shown in Figure 7.10d. At pD 1.9, Nagg

increases from 16.3 to 20.4, and at pD 8.5, it increases from 21.3 to 37.0. The smaller Nagg

value at the higher degree of ionization agrees with previous results on diblock copolymer
micelles with a charged shell where electrostatic repulsion hinders aggregation at a high degree
of ionization [158]. Similar to Rc, it can be explained by the larger electrostatic repulsion at
small pD values which prevents aggregation of large number of chains. At both pD values,
Nagg increases with increasing temperature, which is attributed to the increased hydrophobicity
of the end blocks. The increased incompatibility between end blocks and D2O promotes
formation of micelles with larger Nagg (see equation 2.16). At pD 1.9, Nagg increases linearly
with temperature, whereas at pD 8.5 is faster than linear. This is another indication of a
transition of dangling ends to loops. Since floop is fixed during fitting, an increased fraction of
loops is indirectly reflected in the value of Nagg.

The fraction of water inside the micellar core, fwater, is shown in Figure 7.10e. At pD 1.9, it
decreases from 0.76 to 0.72, and at pD 8.5, it decreases from 0.80 to 0.61. At both pD values,
a significant amount of water is present in the micellar core, which confirms the assumption
that the P(nBuMA-co-TEGMA) end blocks weakly hydrophobic. At higher temperatures, water
is expelled from the core, which was also deduced from the Kratky plots (Figure 7.9). The
temperature-independent core radius can therefore be explained by a balance between the
volume uptake through the incorporation of additional end blocks (increase of Nagg) and the
volume release through dehydration (decrease of fwater) from the micellar core. It is interesting
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to note that, even at 60 °C, a large amount of water is present in the micellar core, which may
be attributed to the small size of the end blocks.

The relative amount of clusters, shown in Figure 7.10f, decreases with increasing temperature
for both low and high pD values but decreases more strongly at pD 8.5. This indicates that
clusters are less likely to form, which might be due to the enhanced tendency of the micelles
to form loops instead of dangling ends or bridges. The behavior agrees with the DLS results,
where a small increase of the fraction of single micelles was found with increasing temperature
(Figure 7.5c).

7.5. Verification of the structural model

The model used to describe the SANS curves is quite complex and has a large number of
parameters. To test the applicability of the model and the validity of the obtained structural
parameters, complementary SAXS and SLS measurements are performed. The main idea is
that it should be possible to describe the combined SAXS and SLS curves with the same model
and similar parameters. The same 1 wt % solutions previously used for the DLS measurements
in section 7.3 are used. The SAXS experiments are performed using the HECUS instrument,
details are given in chapter 3.2. The SLS data are extracted from the average scattering
intensities measured in the DLS experiments and are corrected according to equation 3.1.

The main difference between SANS, SAXS and SLS is their different contrast, ∆ρ: In SANS,
the contrast is given by the neutron scattering length densities. In SAXS, the contrast is given
by the X-ray scattering length densities. In SLS, the contrast originates from refractive index
differences between polymer and solvent. The calculated X-ray scattering length densities are
given in Table 7.4. According to equation 3.21, the scattered intensity is proportional to the
square of the scattering contrast. Using the volume weighted average scattering length density
of the polymer, the magnitude of the scattered intensity can be estimated. For SANS, a value
of I (q) ∝ |∆ρSANS|2 ≈ 33.0, and for SAXS, a value I (q) ∝ |∆ρSAXS|2 ≈ 0.29 is obtained.
Thus, the scattered intensity in SAXS is expected to be two orders of magnitude smaller than
in SANS.

The SLS contrast of a polymer can be approximated by [165]

∆ρSLS ≈
2πns

λ2

dns

dc
ρm (7.2)

ns is the refractive index of the polymer solution, λ the wavelength of the used laser, dns/dc is
the refractive index increment and ρm the mass density of the polymer. ns can be calculated
from the polymer volume fraction, φp, and the refractive index of the polymer, np, and the
solvent, nsol, by

ns = φpnp + (1− φp)nsol (7.3)
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segment / block ρ [278]
[10−6 Å−2]

nBuMA 8.35
TEGMA 9.49

DMAEMA 8.69
EG 10.39

P(nBuMA8-co-TEGMA8) 9.02a

PDMAEMA50-b-PEG46-b-PDMAEMA50 8.85a

D2O 9.43

Table 7.4.: Calculated X-ray scattering length densities, ρ, for each segment or block and for
D2O. The parameters to calculate ρ are given in Table 7.3. aCalculated based on the volume
fractions of the components.

The refractive index of polymers, np, is typically in the range of 1.3 to 1.7 for visible light [58].
The refractive index increment of polymer solutions has typical values of 0.1 to 0.2 cm3/g
[286]. D2O has a refractive index of ∼1.325 at the used wavelength of λ = 632.8 nm [287].
Using a polymer volume fraction of φp = 0.012 at 1 wt %, a magnitude of scattered intensity
of I (q) ∝ |∆ρSLS|2 ≈ 4.3-17.0 × 10−4 is estimated. Thus, the scattered intensity in SLS is
expected to be four orders of magnitude smaller than in SANS and two orders of magnitude
smaller than in SAXS.

The measured SAXS and SLS scattering curves at pD 2.2 and 20 °C as well as the SANS
curves at pD 1.9 and 20 °C are shown in Figure 7.12a in absolute units. The SAXS data are
measured using the HECUS instrument. The difference in scattering contrast can be clearly
seen. The SANS curve has the highest scattering intensity, followed by the SAXS and SLS
curves, which are approximately two and four orders of magnitude lower, respectively. It should
be noted that the SANS curve is measured at φp = 0.023, and therefore has an additional
factor of 1.92 compared to the φp = 0.012 solutions in SAXS and SLS (see equation 3.19).
This factor is, however, small compared to the scattering contrast factors. The curves have
similar shapes in the respective q ranges, i.e., it should be possible to describe them using a
common scattering model. The advantage of combining SAXS with SLS becomes clear as well.
The SAXS data are limited towards the low-q range since the sample-to-detector distance is
small compared to the one in the SANS measurements. The SLS data extend the q range and
allows a more accurate model fit.

For a combined model fit of the SAXS and SLS curves, they need to be normalized to a
common scale. At this, it is better to scale the SLS data and leave the SAXS data in absolute
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Figure 7.12.: (a) Example of scattering curves measured with SANS (blue squares), SAXS
(green circles), and SLS (red triangles) in absolute units. The SANS data are from a 2 wt %
solution at pD 1.9 and 20 °C and the SAXS/SLS data from a 1 wt % solution at pD 2.2 and 20
°C. (b) The same data as in (a) but with the SAXS and SLS curves shifted upward by factors of
100 and 27000, respectively. The slopes of the scattering curves in the high-q region (>0.05
Å−1), which represent the exponent df of the single-chain scattering contribution (equation 3.31),
are indicated with dashed lines. Solid lines are the sum of a power law with exponent df and a
constant background. Adapted with permission from [200]. Copyright (2019) American Chemical
Society.

units. The reason is that the SAXS curve represents a much larger fraction of the combined
scattering curve and is located in the mid-to-high q range, where smaller structures are probed.
The analysis of the smaller structures, which represent the inner structure of the micelles, is
more sensitive to the scattering length density distribution compared to the large structures
(the clusters) probed by SLS, which, in good approximation, may be described by an average
scattering length density.

By carefully considering the scattering contrasts in SAXS and SLS, it is in theory possible
to calculate the scale factor for the SLS data [165]. This is, however, complicated by the
multiblock nature of the polymer. Moreover, the four terms in the form factor model (equation
3.21) have different scattering length densities, such that no straightforward scaling factor
can be applied. Another method is to merge the curves in an overlap region, similar to how
the SANS curve is a result of merging three curves measured at different sample-to-detector
distances. In the present curves, however, there is a relatively large gap between the SLS
and the SAXS curves, which prevents merging them in this way. Thus, the SANS curve is
used as an qualitative extension of the SAXS curve to find an appropriate scaling factor. The
procedure is shown in Figure 7.12b. In their respective q regions, the SLS and SAXS curves
can be merged with the SANS curve. In the example, factors of 27000 and 100 are applied to
the SLS and the SAXS curve, respectively. The curves overlap well for q values smaller than
0.03 Å−1. At higher q values, there is a mismatch between the SAXS and SANS curves, which
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is often observed in this region [284, 288]. The reason is that in SANS, the scattering length
densities of the blocks are very similar and collectively have a large contrast with D2O, whereas
in SAXS, the individual blocks are more distinguishable. Especially the PEG block has a large
contrast compared to the other blocks (see Table 7.4).

All scattering curves merged in this way are shown in Figure 7.13, together with best fits
using the same model as for the SANS data. The presence of a weak negative slope of the SLS
curves indicates the presence of clusters. Due to the limited q range and the qualitative scaling
of the SLS curves, fits are performed slightly different. The plateau following the shoulder at
q < 0.03 Å−1 is not reached in the SAXS curves. Since the plateau is mainly determined by
Nagg and fwater, fwater is fixed in the fits at a value of 0.75, which is estimated from the SANS
results. Rc, which was calculated from fwater in the SANS analysis, is now varied in the fits. df ,
which gives the slope in the high q range, is found to better describe the data at a value of 1.7
(see indicated slopes in Figure 7.12b). νchain has values of −0.85, −0.88, −0.90 and −0.92
for pD 2.2, pD 4.0, pD 7.2, and pD 8.2, respectively. Similar to SANS, the negative values
indicate repulsive interactions in the micellar shell. All other parameters are kept the same as
in the SANS analysis.

Best fits to the combined SAXS and SLS curves describe the data reasonably well (solid lines
in Figure 7.13). Thus, the chosen model seems to be appropriate for the given micellar system.
The relevant fit parameters are shown in Table 7.5. fclu is not discussed since qualitative scaling
of the SLS curves does not allow to evaluate the clusters quantitatively. The micellar radius,
Rm, is maximum at low pD values and increases slightly with increasing temperature at all pD
values, which agrees with the behavior found with SANS. The values of Rm are in the range of
the SANS values. Due to the differences in contrast, different values for SANS and SAXS are
expected. Values of Rc are similar to the SANS values, and no clear temperature dependence is
found. For both Rm and Rc, the large uncertainties originating from the limited q range hinder
a more detailed comparison of these two parameters. Nagg is on average larger at high pD
values, which agrees with the SANS data. Interestingly, Rg,shell is significantly smaller compared
to the SANS values and increases with increasing temperature and with increasing pD value.
The smaller Rg,shell values are the reason for the mismatch between the SAXS and the SANS
curves in the high-q region. Since the feature is quite pronounced in the scattering curves, the
obtained values of Rg,shell are relatively trustworthy (small uncertainties). The pD dependence
of Rg,shell is opposite compared to SANS, where larger values are found at smaller pD values,
which was attributed to stretching of the PDMAEMA blocks. A possible explanation for this
discrepancy could be that, with SAXS, mainly the PEG blocks are detected due to their large
scattering contrast.

The results from the combined SLS and SAXS experiments agree reasonably well with the
ones from the SANS experiments, given that the low contrast and limited q range hinder an
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Figure 7.13.: Combined SLS and SAXS scattering curves of 1 wt % TDE solutions in D2O at
pD 2.2 (a), pD 4.0 (b), pD 7.2 (c) and pD 8.2 (d) and temperatures between 20 and 60 °C (open
symbols). For clarity, the curves are shifted upwards by factors of 3.5, 10, 35 and 100. Solid
black lines are best fits to the data. More details about the fits are given in the text. Adapted
with permission from [200]. Copyright (2019) American Chemical Society.

even more detailed analysis of the curves. Therefore, the complementary use of the different
scattering techniques solidifies the interpretation of the results.
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pD T [°C] Rm [nm] Rc [nm] Rg,shell [nm] Nagg

2.2

20 13.38 ± 0.71 5.25 ± 0.50 1.96 ± 0.02 38 ± 2
30 13.59 ± 0.97 5.55 ± 0.67 2.03 ± 0.02 36 ± 2
40 13.59 ± 0.86 5.56 ± 0.50 2.12 ± 0.02 35 ± 2
50 14.69 ± 0.72 5.57 ± 0.50 2.19 ± 0.02 37 ± 2
60 14.88 ± 0.65 5.59 ± 0.50 2.16 ± 0.02 38 ± 2

4.0

20 13.28 ± 1.06 6.00 ± 0.73 1.73 ± 0.02 46 ± 2
30 13.20 ± 1.01 6.24 ± 0.69 1.81 ± 0.02 43 ± 2
40 14.52 ± 0.85 5.46 ± 0.57 1.90 ± 0.02 43 ± 2
50 14.88 ± 0.72 5.42 ± 0.48 1.94 ± 0.02 45 ± 2
60 14.76 ± 0.61 5.02 ± 0.39 1.98 ± 0.02 43 ± 2

7.2

20 13.97 ± 0.69 5.14 ± 0.44 2.09 ± 0.02 50 ± 3
30 14.78 ± 0.60 4.84 ± 0.37 2.22 ± 0.04 49 ± 2
40 11.84 ± 0.66 6.61 ± 0.38 2.27 ± 0.03 38 ± 2
50 12.36 ± 0.71 6.35 ± 0.43 2.32 ± 0.02 37 ± 2
60 14.80 ± 0.51 4.65 ± 0.32 2.46 ± 0.04 39 ± 2

8.2

20 12.17 ± 0.80 5.53 ± 0.47 2.64 ± 0.02 49 ± 2
30 12.81 ± 0.67 5.24 ± 0.41 2.85 ± 0.04 50 ± 2
40 11.92 ± 0.70 5.03 ± 0.43 2.98 ± 0.04 42 ± 2
50 12.84 ± 0.31 4.28 ± 0.19 3.16 ± 0.06 45 ± 2
60 13.00 ± 0.28 4.17 ± 0.17 3.32 ± 0.06 47 ± 2

Table 7.5.: Obtained values of Rm, Rc, Rg,shell and Nagg from fits to the combined SAXS and
SLS curves shown in Figure 7.13.

7.6. Conclusions

The self-assembly of a multi-responsive pentablock quaterpolymer in dilute aqueous solution
was investigated. A coexistence of single micelles and small clusters of micelles is found. The
micelles have a spherical core formed by the hydrophobic end blocks which is surrounded by a
shell of the hydrophilic midblocks. The clusters are the result of a finite network formation
through bridging of several micelles. The structural properties of the micelles are summarized
in Figure 7.14 in dependence on the temperature and the pD value of the solution.

At low temperatures, the micellar shell consists of both dangling ends and loops. The
fraction of dangling ends is higher at pD values below the pKa of PDMAEMA, where significant
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Figure 7.14.: Schematic illustration of micelles formed by TDE in dilute aqueous solution at
different pD values and temperatures. Circles represent Rh,mic (outer circle) and Rm (inner
circle). All dimensions are drawn to scale. Colors represent nBuMA (gray), TEGMA (red),
PDMAEMA (blue), and PEG (brown). The grayed out core at high temperatures indicates
higher hydrophobicity. The scale bar gives a length scale. Adapted with permission from [200].
Copyright (2019) American Chemical Society.

electrostatic interactions prevent loop formation. Additionally, the PDMAEMA blocks are
stretched which results in a larger micellar size. The aggregation number is smaller at low pD
values, i.e., the micelles contain fewer chains, which is attributed to the free energy penalty of
a high charge density of the PDMAEMA chains at the core interface. A high water content
in the micellar core reveals that the end blocks are weakly hydrophobic, which is due to their
short length and the water-soluble TEGMA segments at low temperatures.

At high temperatures, the hydrophobicity of the end blocks increases, which is evidenced by
a decrease of the water fraction in the micellar core. The aggregation number increases at
both pD values, i.e., the micelles contain more chains to balance the overall hydrophobicity
increase. Furthermore, the dangling ends transition to loops at high pD values to reduce the
surface tension of the end blocks with water. At low pD values, no such transition is observed
and the dangling ends are stabilized by electrostatic interactions.

Therefore, a complex balance between the degree of ionization of the midblocks and the
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hydrophobicity of the end blocks in telechelic BCPs is found. Increasing the hydrophobicity
promotes the formation of loops over dangling ends, which can be reversed by also increasing
the degree of ionization. It is expected that this balance can be tuned by varying the block
lengths. For example, longer end blocks might favor the transition to loops even at high degree
of ionization of the midblocks.

The central PEG block was expected to provide flexibility to the midblock even at high
degrees of ionization, where PDMAEMA is rather stretched. In particular, loops can be formed
while keeping both PDMAEMA blocks fully stretched. The fact that this is not observed
(see the case of high temperature and low pD in Figure 7.14) shows that the intermolecular
electrostatic interactions between PDMAEMA blocks play an important role in the self-assembly
of the micelles. Loops would increase the density of charged PDMAEMA blocks significantly
and are therefore less favorable.

Based on the results, the following conclusions are drawn regarding the application of
telechelic BCPs of the type shown in this chapter as a thermoresponsive physical hydrogel. At
pH values above the pKa, the ability to form a gel is reduced by the small fraction of dangling
ends and the tendency of the midblocks to form loops, especially at higher temperatures. Thus,
high concentrations would be needed for gelation, i.e., cgel is high. At pH values below the
pKa, a transient gel network is easily formed, as was shown in ref. [33], which is due to the
stretching of the PDMAEMA blocks. On the other hand, the aggregation number of the
micelles, which are the crosslinker in the transient network, is low at high degree of ionization.
Thus, the strength of the gel is expected to decrease with decreasing pH due to fewer chains
in the crosslinked domains. Therefore, it is expected that pH values close to, but below the
pKa are optimal to achieve strong physical hydrogels.



8. Self-assembly of a pentablock
quaterpolymer in thin films

Parts of this chapter are based on ”Charge-Dependent Microphase Separation in Thin Films
from a Multiresponsive Pentablock Quaterpolymer: A GISAXS Investigation” F. A. Jung et al.
Macromolecules 2020, 53, 6255-6266 [289].

8.1. Introduction

The aim of this chapter is to gain insight into the self-assembly of pentablock quaterpolymers in
thin films. For that purpose, films from TDE are prepared and their structures are investigated
using GISAXS. TDE is an interesting system to study since the functionalities of the blocks
allow to address different interactions governing the self-assembly behavior. In the neat state,
the self-assembly is mostly due to segment-segment interactions and is expected to result in a
spherical or cylindrical morphology based on the volume fractions of the blocks (see chapter
4.1 and ref. [19]). By preparing films from solutions having different pH values, the degree of
ionization of the PDMAEMA blocks can be tuned, and electrostatic interactions of varying
strength are introduced. By swelling the films in solvents, segment-solvent interactions are
introduced which influence the self-assembly behavior based on the selectivity of the solvent.
Water is chosen as a solvent, since, based on the results from chapter 7, it is a selective solvent
for the midblocks and a much weaker solvent for the endblocks. Another effect of the added
solvent is that it alters the electrostatic interactions depending on its polarity (see chapter 2.4).
Water is a polar solvent and is expected to reduce the strength of electrostatic interactions.
Non-polar solvents, such as toluene, are expected to influence the electrostatic interactions only
weakly. Toluene is also a good solvent for all blocks of TDE, apart from a slight incompatibility
with PEG under certain conditions. In films swollen in water, the thermoresponsiveness of the
end blocks might play a role in the self-assembly behavior. In particular, the concept shown in
Figure 4.7 of chapter 4.1 can be tested.

The structure of the chapter is the following: Films are prepared from various pD values to
investigate the influence of charge on the morphology of as-prepared films. The structure of the
films is characterized using GISAXS. Some films are also investigated at elevated temperatures
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to gain insight about the temperature dependence of the morphology. The results of the study
of as-prepared films are given in section 8.3. The structural evolution of the films during
swelling in water vapor is followed by in situ GISAXS in section 8.4. Some films are also swollen
in toluene vapor and their structural evolution is compared to the ones in water in section 8.5.
The influence of the thermoresponsiveness of the end blocks on the morphology is probed by
swelling films in water at elevated temperatures in section 8.6. Finally, a conclusion of the
self-assembly of TDE in thin films and under different conditions is given in section 8.7.

8.2. Sample preparation

Aqueous solutions were prepared by dissolving the polymer in D2O (99.95%, Deutero GmbH,
Kastellaun, Germany) at concentrations of 3 wt % and ≈9 wt % and by stirring the mixtures
overnight. The concentration of the ≈9 wt % solution is not know exactly, since it was
prepared by dissolving the remaining polymer directly in the vial in which it was stored. This
was necessary since the polymer was too sticky to remove it from the vial. D2O was used to
be consistent with the solution investigations in chapter 7, where D2O was used to provide
high scattering contrast for neutrons. Then, the solutions were filtered with a 0.8 µm mixed
cellulose ester syringe filter and again stirred overnight. Afterwards, the pH of the solution was
adjusted using small amounts of 1 M HCl. By the naked eye, none of the samples were found
to form a gel, i.e., the concentrations are below the critical gel concentration cgel.

The dissociation constant, pKa, of both solutions was determined by adding small amounts
of 1 M HCl to the polymer solutions and measuring a titration curve. The pH value was
measured using a Metrohm 826 pH meter with a glass electrode and is converted to pD using
the relation pD = pH + 0.4 [269]. The resulting titration curves are shown in Figure 8.1a and
c. The curves have the typical shape of a strong acid being added to a weak base [270]. The
volume at the steepest point of the curve is called the equivalence point. The pKa is defined
as the pH at half the equivalence point. For both titration curve, a value of pKa ≈ 7.7 is
determined. The value is attributed to the pKa of the PDMAEMA block and is slightly larger
than the pKa determined for the 1 wt % solution in chapter 7.

The calculated degree of ionization, α, of PDMAEMA is shown in Figure 8.1b and d. The
pD values at which films are prepared are indicated with open symbols.

Films were prepared by spin-coating of the solutions. Silicon Si(100) wafers (SilChem GmbH,
Freiberg, Germany) of size 1.5 × 1.5 cm2 were used as substrates. The wafers were cleaned
with an acid bath (85 mL H2O:70 mL H2O2:165 mL H2SO4) at 80 °C for 15 min. Afterwards,
the wafers were rinsed with water several times and then stored in deionized water until use.
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Figure 8.1.: (a) Titration curve of a 3 wt % solution of TDE in D2O. The red line is a guide to
the eye. The equivalence point and the half-equivalence point are marked. The resulting pKa is
≈ 7.7. (b) Calculated degree of ionization of PDMAEMA as a function of the pD value using
equation 2.22. Open symbols indicate the degree of ionization of the solutions used for film
preparation. (c) Titration curve of a ≈9 wt % solution of TDE in D2O. The red line is a guide
to the eye. The equivalence point and the half-equivalence point are marked. The resulting pKa

is ≈ 7.7. (d) Calculated degree of ionization of PDMAEMA as a function of the pD value using
equation 2.22. Open symbols indicate the degree of ionization of the solutions used for film
preparation.

With the 3 wt % solutions, thin films were prepared by four consecutive spin coating steps,
each at 6000 rpm and lasting 60 s. Firstly, the Si substrates were removed from the water
storage bath and spin dried. Secondly, 150 µL acetone was used to remove any remaining
organic residues. Thirdly, 350 µL water was applied to make the surface hydrophilic. Fourthly,
250 µL of the polymer solution was used. This way, homogeneous polymer films with thicknesses
of 50-65 nm were obtained.

With the ≈9 wt % solutions, thin films were prepared by four consecutive spin coating steps,
each at 4000 rpm and lasting 30 s. Firstly, the Si substrates were removed from the water
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storage bath and spin dried. Secondly, 150 µL acetone was used to remove any remaining
organic residues. Thirdly, 250 µL water was applied to make the surface hydrophilic. Fourthly,
200 µL of the polymer solution was used. Afterwards, the films were dried in a vacuum
oven overnight to remove any residual solvent. This way, homogeneous polymer films with
thicknesses of 200-220 nm were obtained.

An overview of all films investigated in this chapter is given in Table 8.1.

beamline
for GISAXS

concentration pD αb film thicknessc film label

CHESS 3 wt %a

2.3 1.00 61 nm F2w
63 nm F2t

8.5 0.14 51 nm F8w
51 nm F8t

ELETTRA ≈9 wt %a

3.0 1.00 222 nm F2RT
211 nm F2HT

4.2 1.00 216 nm F4RT
214 nm F4HT

7.1 0.80 216 nm F6RT
217 nm F6HT

8.8 0.07 202 nm F8RT
202 nm F8HT

Table 8.1.: Overview of sample parameters of the films investigated in this chapter. aD2O
solution. bCalculated with pKa,PDMAEMA = 7.7. c Measured with spectral reflectance.

8.3. Effect of charge and temperature on the
morphology of as-prepared films

To test if the morphology of the films can be determined by microcopy techniques, AFM
measurements of films F2w (fully charged PDMAEMA) and F8w (weakly charged PDMAEMA)
are performed. Prior to the measurements, the films were swollen in water vapor and were
exposed to X-rays. Since all blocks of TDE are non-glassy, and therefore equilibrate easily,
the swelling is expected to be fully reversible. Therefore, the AFM measurements presumably



8.3. Effect of charge and temperature on the morphology of as-prepared films 137

reflect the as-prepared state of the films. AFM height images of both films are shown in Figure
8.2. Apart from a few holes in the films, as seen by the black dots in the images, the surfaces
are rather homogeneous without a discernible morphology. Therefore, the films are either
disordered or have an internal morphology which cannot be accessed by microscopy techniques.

Figure 8.2.: AFM height images of films F2w (a) and F8w (b). Prior to the AFM measurements,
the films were swollen in water vapor and were exposed to X-rays.

To probe the inner morphology of the films, GISAXS experiments are performed. These were
performed at CHESS (films prepared from 3 wt % solutions) and ELETTRA (films prepared
from ≈9 wt % solutions). In the following, the films measured at CHESS are discussed
first, followed by the films measured at ELETTRA. The experimental 2D GISAXS patterns of
as-prepared films F2w and F8w are shown in Figures 8.3a and b, respectively, for qy > 0. The
scattering patterns of films F2t and F8t are similar and are shown in the Appendix in Figure
B.1. All patterns feature strong scattering at qy = 0, which is due to scattering from surface
roughness, a Yoneda band of enhanced intensity at qz ≈ 0.3 nm−1 and a specular beam which
is indicated with a red cross. The diffuse scattering observed in the GISAXS patterns of bare
silicon substrates is present as well (see Figure 6.3). In the scattering pattern of film F2w
(Figure 8.3a), additional strong diffuse scattering around the specular beam and a scattering
peak in the Yoneda band at qy ≈ 0.2 nm−1 are observed which indicate the presence of a
nanostructure in the film. The diffuse scattering appears radially isotropic and is possibly due
to a spherical morphology. In the scattering pattern of film F8w (Figure 8.3b), no additional
scattering features are present, which might indicate that the film is homogeneous and not
microphase-separated.

For more details, horizontal and vertical line cuts near the Yoneda band are performed. The
scattering peak at qy ≈ 0.2 nm−1 is prominent in the horizontal line cut of film F2w (Figure
8.4a). Additionally, at qy ≈ 0.4 nm−1, a weaker second scattering peak is observed. This
second peak can be a higher order peak or is due to a second type of nanostructure. In the
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Figure 8.3.: Experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns of films F2w
(αi = 0.14°) (a) and F8w (αi = 0.17°) (b). The red crosses indicate the specular beam position.
Films F2t and F8t have similar scattering patterns and are shown in the Appendix in Figure B.1.
(c) Illustration of the model used to describe the nanostructure of the polymer film: Two types
of spheres with larger radius Rsphere and smaller radius Rsphere2 are distributed on five equally
spaced layers within the film. Both spheres are correlated with a radial paracrystal structure
factor with average spacing Dsphere and Dsphere2, respectively. Adapted with permission from
[289]. Copyright (2020) American Chemical Society.
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horizontal line cut of film F8w (Figure 8.4b), the scattering curve decays smoothly and is
in fact very similar to the one measured for a bare substrate (see Figure 6.8b). This further
indicates that the film with weakly charged PDMAEMA is not microphase-separated.

Figure 8.4.: (a,b) Horizontal line cuts at the Yoneda band, but avoiding the specular peak (line
cut IIa in Figure 6.9), of the GISAXS patterns of as-prepared films F2w (a) and F8w (b). In (a),
the position of scattering peaks are marked by arrows. (c,d) Vertical line cuts (IIb in Figure 6.9)
of the GISAXS patterns of as-prepared films F2w (c) and F8w (d). The positions of the critical
angles of the polymer film and the silicon substrate are indicated with dashed lines. The insets
show a zoom of the Yoneda band region. The line cuts of films F2t and F8t have similar shapes
and are shown in the Appendix in Figure B.2. Adapted with permission from [289]. Copyright
(2020) American Chemical Society.

In the vertical line cuts (Figures 8.4c and d), the Yoneda band is clearly seen as enhanced
intensity between the critical angles of the film, αc,film, and of the silicon substrate, αc,Si. The
intensity in the Yoneda band is much higher for film F2w compared to film F8w, which is due
to the enhancement of the scattering from the nanostructure, which is absent in film F8w.

Based on these observations, a spherical morphology is used in an attempt to simulate the
scattering patterns using the procedure outlined in chapter 6. The basic simulation setup of
the nanostructure is shown in Figure 8.3c. Two types of spheres are present: larger spheres
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with radius Rsphere which are size distributed according to a Gaussian distribution with standard
distribution σsphere, and smaller spheres with radius Rsphere2, also Gaussian size distributed with
standard deviation σsphere2. The spheres are placed in five evenly spaced layers in the normal
direction of the film, which assumes that they are homogeneously distributed within the film
(see also Figure 6.11 for details about the sphere placement). Within each layer, both types
of spheres are individually correlated by the structure factor of a radial paracrystal and have
an average spacing of Dsphere and Dsphere2, respectively (see Figure 6.12 for details about the
structure factor). For both types of spheres, the distribution functions of the radial paracrystal
are Gaussian and have standard deviations of wsphere and wsphere2, respectively. The number
density and scattering contrast of the two types of spheres are combined in the weight terms
Wsphere and Wsphere2, respectively, which effectively represent the magnitude of the scattering
intensity of the spheres. By adjusting the weight terms, the cases of only one type of spheres
(Wsphere2 = 0) or no spheres (Wsphere = Wsphere2 = 0) can be modeled as well. The local
monodisperse approximation is used, i.e., the scattering contributions of the two type of spheres
are independent from each other and are added incoherently.

To simulate and fit the scattering patterns with this nanostructure model, the procedure
outlined in chapter 6 is followed. All parameters describing the nanostructure of the film (see
above) are varied during the fit, apart from the standard deviations of the size distributions of
the spheres, which are kept fixed at σsphere/Rsphere = σsphere2/Rsphere2 = 0.2. In a first try to fit
the scattering curves, only one type of spheres is used to model the nanostructure in film F2w.
The corresponding horizontal line cut at the Yoneda band of the best fit simulation is shown in
Figure B.3. The first scattering peak at qy ≈ 0.2 nm−1 is described well by the model, but the
second peak at qy ≈ 0.4 nm−1 is not present. Thus, it can be concluded that the second peak
is not a higher order peak, but is due to a second type of spheres.

The simulated scattering patterns using two types of spheres (Figure 8.3a) or no spheres
(Figure 8.3b) describe the experimental scattering patterns well. A notable difference is the
absence of the specular peak, which is not accounted for in the simulation. The two scattering
peaks in the horizontal line cut of film F2w are reproduced by the simulation with two types of
spheres (Figure 8.4a). The horizontal line cut of film F8w perfectly agrees with the simulation
without spheres, assuming a homogeneous film (Figure 8.4b). In the vertical line cuts, small
differences between simulation and experiment are present (Figures 8.4c and d). At qz values
below αc,film, the simulation has intensities slightly below the experimental ones. This is due
to the absence of the scattering peak from the direct beam in the simulation (see Figure
6.8a). Above αc,film, the simulations describe the experimental data well. Especially the Yoneda
band of film F2w is well reproduced (inset in Figure 8.4c). In film F8w, the intensities of the
experiment are slightly higher in the Yoneda band compared to the simulation (inset in Figure
8.4d). This is most likely due scattering from composition fluctuations within the disordered
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film, which are enhanced in the Yoneda band (similar to, but weaker than the one shown in
Figure 2.2a). These fluctuations are at the order of the radius of gyration of a single chain,
i.e., of a few nanometers [290]. The scattering from the fluctuations is weak, and is only
observable through the enhancement of intensity in the Yoneda band. In the simulation, the
film is assumed to be homogeneous without composition fluctuations, which is reasonable
considering that their scattering contribution is low (the Yoneda band in the homogeneous film
F8w is one order of magnitude lower than the one of the nanostructured film F2w).

The main structural parameters obtained from the fits of the simulations to the experimental
patterns are summarized in Table 8.2. From the critical angle of the film, the dispersion
coefficient of the refractive index of the film is determined which has a value of 2.6 × 10−6 for
all films. The calculated volume weighted average value is 2.5 × 10−6, which is thus in good
agreement with the one determined from the simulation.

film δfilm
a

[×10−6]

Rsphere
b

[nm]

Dsphere
b

[nm]

Rsphere2
b

[nm]

Dsphere2
b

[nm]

F2w 2.6 9.8 ± 2.0 25.9 ± 9.6 5.6 ± 1.1 15.1 ± 3.8
F2t 2.6 9.4 ± 1.9 26.2 ± 9.9 4.8 ± 1.0 15.4 ± 3.3
F8w 2.6 – – – –
F8t 2.6 – – – –

Table 8.2.: Structural parameters obtained from best fit simulations to the 2D GISAXS patterns
of the as-prepared films F2w, F2t, F8w and F8t. aParameter adjusted by hand and kept fixed
during fitting. bThe given errors are the standard deviation of the Gaussian size distribution.

The larger spheres in the films with fully charged PDMAEMA have a radius of ∼9.6 nm
and an average spacing of ∼26.1 nm. The smaller spheres have a radius of ∼5.2 nm and
an average spacing of ∼15.3 nm. The larger spheres are attributed to the aggregation of
P(nBuMA-co-TEGMA) blocks and the smaller spheres to aggregation of PEG blocks, which are
embedded in a matrix of PDMAEMA. The assignment is based on the volume fractions of the
blocks: PDMAEMA is the majority and forms the matrix. The ratio of volume fractions between
P(nBuMA-co-TEGMA) and PEG is 0.315/0.055 = 5.7, which is similar to the ratio of sphere
volumes 9.63/5.23 = 6.3. It also agrees with the theoretical prediction of the self-assembly of
pentablock terpolymers [19].

Before discussing the observed self-assembly behavior in more detail, the results of the
investigation of the thicker films prepared from four different pD values are presented. The
experimental 2D GISAXS patterns of as-prepared films F2RT, F4RT, F6RT and F8RT, which
are measured at room temperature, are shown in Figures 8.5a to d, respectively, for qy > 0.
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The scattering patterns of films F2HT, F4HT, F6HT and F8HT, which are measured at 40 °C,
are shown in the Appendix in Figure B.4 and have similar scattering patterns.

Figure 8.5.: Experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns of as-prepared
films F2RT (αi = 0.18°) (a), F4RT (αi = 0.18°) (b), F6RT (αi = 0.18°) (c) and F8RT (αi =

0.18°) (d). The red crosses indicate the specular beam position. The model shown in Figure
8.3c is used for the simulations.

The films with fully charged PDMAEMA (films F2RT and F4RT ) and partially charged
PDMAEMA (film F6RT ) have scattering patterns similar to the one of film F2w. Note that
the experiments are performed at slightly higher incident angles to account for the increase of
the critical angles due to the larger wavelength used at ELETTRA (0.155 nm) compared to
CHESS (0.117 nm). Due to the higher thickness of the films compared to film F2w (see Table
8.1), the scattering volume of the film is higher and the scattering features of the nanostructure
of the film are more pronounced. In the scattering pattern of the film with weakly charged
PDMAEMA (film F8RT ), weak diffuse scattering is present near the specular beam which
could be attributed to scattering from a nanostructure. This is different from the scattering
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pattern of the thin film with weakly charged PDMAEMA (film F8w), where diffuse scattering
from nanostructures is completely absent. The scattering patterns of the films measured at 40
°C appear to be similar to the ones measured at room temperature (Figure B.4).

Horizontal line cuts of all films measured at room temperature and at 40 °C are shown
in Figure 8.6. The horizontal line cuts of films with fully charged PDMAEMA (Figures 8.6a
and b) and partially charged PDMAEMA (Figure 8.6c) have a pronounced scattering peak
at qy ≈ 0.3 nm−1, which is at a slightly larger qy value compared to film F2w (Figure 8.4a),
indicating that the sphere spacing is slightly smaller. Notably, the second scattering peak at
qy ≈ 0.4 nm−1, which is related to the smaller type of spheres, cannot be clearly identified
in the line cuts. This might indicate that these spheres are not present in the film, or that
their scattering contribution is overlapped by the stronger scattering from the larger spheres.
Assuming that the volume fraction and scattering contrast of the spheres remain constant,
the scattering intensity of the spheres is expected to increase linearly with the thickness. This
behavior is confirmed in a comparison between thin and thick films in Figure B.5a. Therefore,
compared to the thinner films, the scattering intensity of the larger spheres is significantly
higher than the scattering intensity of the smaller spheres. By increasing the temperature to 40
°C, the intensity of the scattering peak decreases (films F2HT and F4HT ) or decreases slightly
and shift to smaller qy values (film F6HT ). A decrease of scattering intensity with increasing
temperature is commonly observed for block copolymers and is related to the weakening of the
segment-segment interaction strength [291].

The horizontal line cut of the film with weakly charged PDMAEMA (Figure 8.6d) has a
broad scattering peak between 0.1 and 0.2 nm−1, which decreases in intensity with increasing
temperature. The lower qy value of the peak peak indicates the presence of some form of
nanostructure within the film, which has a size larger than the self-assembled spheres. The
decrease of intensity with increasing temperature can again be explained by the weakening of
the segment-segment interaction strength. The presence of the scattering peak is unexpected
since in thinner films of similar charge state, scattering peaks are absent, and the scattering
curve was described without nanostructure within the film (Figure 8.4b). A possible explanation
is the presence of few aggregates within the film, possibly originating from the micelles or
clusters in the solutions. The reason they are not observed in the thinner films might be that
they are less abundant at the lower concentrations of the solutions used to prepare them.
Furthermore, they might be present in the thinner films, but their scattering intensity is too
low compared to the background due to the low scattering volume. Another reason might be
the effects of confinement and interfacial tension, which are more prominent in the thinner
films than in the thicker films.

The vertical line cuts are summarized in Figure B.6. No significant difference to the line
cuts of the thinner films (Figures 8.4c and d) is found.
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Figure 8.6.: Horizontal line cuts at the Yoneda band, but avoiding the specular peak (line cut
IIa in Figure 6.9), of the GISAXS patterns of as-prepared films measured at room temperature
and at 40 °C. (a) Films F2RT and F2HT. (b) Films F4RT and F4HT. (c) Films F6RT and
F6HT. (d) Films F8RT and F8HT.

To simulate and fit the scattering patterns, the same model used for the thinner films is
applied (Figure 8.3c). The scattering patterns of films F2RT and F4RT are best described by
two types of spheres. The scattering patterns of films F8RT and F8HT are best described by
one type of spheres which are not correlated (no structure factor is used). Furthermore, σsphere,
the width of the Gaussian size distribution, of the uncorrelated spheres was not fixed in the fits
of these films. The scattering patterns of all other films are best described by using one type
of spheres which are correlated. The influence of the smaller type of spheres is small in the
scattering patterns of films F2RT and F4RT. A comparison of simulated line cuts with one or
two types of spheres is given in Figure B.5b. Including the smaller spheres improves the fits
slightly.

Good qualitative agreement is found between the simulated scattering patterns and the
experimental ones in Figures 8.5 and B.4. Also the line cuts in Figures 8.6 and B.6 describe
the experimental data well. The main structural parameters obtained from the fits of the
simulations to the experimental patterns are summarized in Table 8.3. From the critical angle
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of the film, the dispersion coefficient of the refractive index of the film is determined which
has a value of 4.4 × 10−6 for all films. The calculated volume weighted average value is 4.4
× 10−6, which is thus in good agreement with the one determined from the simulation. The
value is different than the one for the thinner films since different X-ray wavelengths were used
to obtain the GISAXS patterns.

film δfilm
a

[×10−6]

Rsphere
b

[nm]

Dsphere
b

[nm]

Rsphere2
b

[nm]

Dsphere2
b

[nm]

F2RT 4.4 8.0 ± 1.6 19.3 ± 7.7 5.9 ± 1.2 18.8 ± 4.7
F2HT c 4.4 7.7 ± 1.6 18.5 ± 7.0 – –

F4RT 4.4 8.2 ± 1.6 20.3 ± 9.8 6.7 ± 1.3 20.0 ± 5.3
F4HT c 4.4 7.3 ± 1.5 18.1 ± 6.9 – –

F6RT 4.4 7.4 ± 1.5 17.8 ± 7.5 – –
F6HT c 4.4 9.9 ± 2.0 23.0 ± 7.9 – –

F8RT 4.4 9.4 ± 4.2 – – –
F8HT c 4.4 4.6 ± 4.6 – – –

Table 8.3.: Structural parameters obtained from best fit simulations to the 2D GISAXS patterns
of the as-prepared thicker films. aParameter adjusted by hand and kept fixed during fitting. bThe
given errors are the standard deviation of the Gaussian size distribution. c Measured at 40 °C.

The large spheres in the films with fully charged PDMAEMA have a radius of ∼7.8 nm (Films
F2RT, F2HT, F4RT and F4HT ), which is slightly smaller than their radius in the thinner films
but comparable within the width of their size distribution. Their average distance is ∼19.1 nm,
which is also slightly smaller than in the thinner films. The smaller spheres are only present in
the films measured at room temperature and have a radius of ∼6.3 nm and a spacing of 19.4
nm. These values are comparable to the ones found in the thinner films. In films F6RT and
F6HT, where PDMAEMA is partially charged, the smaller spheres are not found, and the larger
spheres have radius and spacing of ∼7.4 nm and ∼17.8 nm at room temperature, respectively,
and ∼9.9 nm and ∼23.0 nm at 40 °C, respectively. Thus, their sizes increase with increasing
temperature, which reflects the shift of the scattering peak towards smaller qy values in the
horizontal line cut (Figure 8.6c). For the films with weakly charged PDMAEMA (F8RT and
F8HT ), the uncorrelated spheres have radii of ∼9.4 nm at room temperature and ∼4.6 nm at
40 °C. The lack of correlation and the rather large size distributions indicate that these spheres
are not due to microphase separation of the block copolymer but possibly due to aggregates or
leftover clusters from the solution.
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Based on the model fits and obtained structural parameters, the self-assembly behavior
of TDE in thin films in dependence on the fraction of charged PDMAEMA blocks and the
temperature shown in Figure 8.7 is proposed. Films prepared from high pD values, which have
weakly charged PDMAEMA blocks, are disordered, i.e., not microphase-separated, and feature
homogeneous films (thinner films) or few aggregated or clustered structures (thicker films). At
higher temperatures, the films remain disordered.

Figure 8.7.: Schematic illustration of the self-assembly behavior of TDE in thin films under
different conditions. The films corresponding to the drawn structures are indicated above. The
temperature increases from top to bottom and the fraction of charged PDMAEMA blocks
increases from left to right.

Films prepared from pD values below the pKa of PDMAEMA are microphase-separated and
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feature a spherical morphology of one or two types of spheres. Films with partially charged
PDMAEMA have one type of larger spheres, and films with fully charged PDMAEMA feature
larger and smaller spheres. The larger spheres are attributed to association of P(nBuMA-co-
TEGMA) blocks and the smaller spheres to aggregation of PEG blocks, which is based on their
volume fraction in the film. They are embedded in a matrix of charged PDMAEMA. With
increasing temperature, the segregation strength weakens, as evidenced by a decrease of the
scattering peak, and the smaller PEG spheres mix with the PDMAEMA matrix.

It can be concluded that the segregation strength in films with uncharged or weakly charged
PDMAEMA is low, which might be a combination of small segment-segment interaction
parameters (Table 4.2) and the low degree of polymerization of the polymer. The occurrence
of microphase separation upon charging the PDMAEMA blocks can be explained by the Cl−
counterions which remain in the films after spin-coating to balance the overall charge. The
interaction parameters χP(TEGMA-co-nBuMA)/PDMAEMA and χPDMAEMA/PEG increase due to the
counterion solubilization effect (see Figure 2.18a and equation 2.28), because the counterions
are selectively located in the domains of the charged block. The charge cohesion effect might
play a role as well (Figure 2.18b). The transition of disordered to microphase-separated
morphology upon charging one of the blocks has previously been shown in experiments with
diblock copolymers [152, 155, 157] and is shown here for the case of a multiblock copolymer.

The interaction parameters are found to decrease with increasing temperature, presumably
according to equation 2.6. The resulting reduction of χPDMAEMA/PEG promotes mixing of
PDMAEMA and PEG in films at 40 °C, which is the reason for the absence of the smaller
spheres at this temperature. The larger spheres are still present at higher temperatures, which
indicates that the segregation strength between P(nBuMA-co-TEGMA) and PDMAEMA is
larger than the one of PEG and PDMAEMA, which is in agreement with the approximated
interaction parameters in Table 4.2.

8.4. Structure evolution during swelling in water vapor

The investigation of the as-prepared films in section 8.3 revealed the self-assembly behavior of
TDE in thin films in dependence on the segment-segment interaction parameters, the charge of
the PDMAEMA block and the temperature. The polymer concentration in the dry films is φp =

1.0, i.e., the solvent-free morphology is probed. The self-assembly in water at low polymer
concentrations (φp ≈ 0.1-0.2), which is mostly driven by the solvent-segment interactions, was
investigated in chapter 7. Due to the hydrophobicity of the end blocks, spherical micelles are
formed which are found to be responsive towards temperature and pD changes, but they always
maintain the spherical micelle structure. The two concentration regimes correspond to the
right and left side of the BCP solution phase diagram shown in Figure 2.13. Therefore, it is of
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interest to explore the intermediate concentration regime, where both segment-segment and
solvent-segment interactions are expected to play a role. This can be achieved by performing
solvent vapor swelling experiments, which allow to vary the concentration between φp = 1.0
(dry films) and φp ≈ 0.5 (swollen film).

Water is chosen as a solvent, since it was previously used for the dilute solutions and is
a selective solvent. The PDMAEMA and PEG midblocks are soluble in water, while the
P(nBuMA-co-TEGMA) end blocks are not water-soluble. Thus, it might be expected that
films swollen in water have a high tendency to microphase-separate. Furthermore, water is
a polar solvent with a high dielectric constant (εr ≈ 80), which is expected to weaken the
electrostatic interactions. To follow the morphology evolution during swelling, in situ GISAXS
experiments are performed.

The swelling protocols, swelling curves and representative horizontal line cuts of the measured
GISAXS patterns for the thinner films F2w (fully charged PDMAEMA) and F8w (weakly
charged PDMAEMA) are summarized in Figure 8.8. Initially, the films are dried for ∼700 s
by exposing them to a flow of pure N2 (Figures 8.8a and b). Then, the flow of pure N2 is
switched off and the solvent saturated vapor flow is switched on. After a certain amount of
time, when no more significant changes in the swelling curves and the scattering patterns are
observed, the pure N2 flow is switched on again to dry the films. Film F2w swells strongly in
water vapor and reaches a thickness of t = 125 nm after ∼4800 s of swelling (Figure 8.8c).
This corresponds to a polymer volume fraction of φp = t0/t = 0.49. Film F8w swells less
strongly in water vapor and reaches a thickness of t = 81 nm after ∼3900 s of swelling (Figure
8.8d), which corresponds to a polymer volume fraction of φp = 0.63. The reason why film
F2w swells more strongly in water vapor than film F8w is the higher degree of ionization of
PDMAEMA, which enhances its water solubility [143].

GISAXS patterns are recorded continuously during the swelling and drying steps. The times
at which patterns are analyzed and discussed are shown with open symbols in Figures 8.8c
and d. From the position of the Yoneda peak of the film (obtained from line cut IIb in Figure
6.9), the real part of the refractive index of the film is determined using equation 3.37. δfilm

decreases during swelling and increases back to its initial value during drying. Since the real
part of refractive index of water, which is δwater = 2.1 × 10−6 at the used wavelength, is
smaller than the one of the dry polymer film, this indicates that water enters the film during
swelling and is removed during drying.

The horizontal line cuts obtained from the GISAXS patterns of films F2w and F8w during
swelling in water vapor are shown in Figure 8.8e and f, respectively. The corresponding 2D
scattering patterns are shown in the Appendix in Figures B.13 and B.15. In the early stages
of swelling, the scattering peak at 0.4 nm−1 of film F2w vanishes and the peak at 0.2 nm−1

becomes less pronounced and shifts to smaller qy values of ∼0.18 nm−1, which indicates an
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Figure 8.8.: (a,b) Solvent vapor swelling protocols for (a) film F2w and (b) film F8w. (c,d)
Film thickness (left axis, solid blue line) and real part of the polymer film refractive index, δfilm,
(right axis, open brown stars) as a function of time during solvent vapor swelling with water for
(c) film F2w (fully charged PDMAEMA) and (d) film F8w (weakly charged PDMAEMA). Open
circles indicate times at which GISAXS measurements are performed. Blue and green shading
indicates the swelling and the drying step, respectively. (e,f) Horizontal line cuts extracted from
2D GISAXS patterns (line cut IIa in Figure 6.9; open symbols) and corresponding best fits from
the simulations (solid red lines) for (e) film F2w and (f) film F8w. The times during solvent
vapor swelling are given and indicate the swelling (blue) and the drying steps (green). For clarity,
curves are shifted upwards and only every second data point is shown. The corresponding 2D
GISAXS patterns and additional line cuts are given in the Appendix (Figures B.13, B.14 and
B.15, B.16). In (e), the position of the main scattering peak is indicated with green arrows.
Adapted with permission from [289]. Copyright (2020) American Chemical Society.
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increase of the structure size (1921 s in Figure 8.8e). After further swelling, this peak vanishes
as well, which indicates that the film becomes disordered (curves at 4428 s and 5545 s). During
drying, the peak at ∼0.18 nm−1 reappears, which indicates that a nanostructure is formed. In
the fully dried film (6388 s), also the second scattering peak at ∼0.4 nm−1 is observed, which
indicates that, at least qualitatively, the as-prepared film structure is reinstalled. The scattering
curves of film F8w remain unchanged during swelling and drying (Figure 8.8f). Therefore, the
film is assumed to be disordered in the water swollen state and after water removal.

All curves are modeled by assuming a spherical morphology or a homogeneous, disordered
film (red lines in Figures 8.8e and f). The two curves at lowest and highest time in Figure
8.8e are modeled using two types of spheres, i.e., the model used for the as-prepared film. The
curves at 1432, 1921, 5701 and 5841 s are modeled using only the larger type of spheres. The
curves in the highly swollen state at 4428 and 5545 s are modeled without a nanostructure, i.e.,
assuming a homogeneous film. All curves in Figure 8.8f are modeled without a nanostructure
as well, again assuming a homogeneous film. The shallow, broad peak at qy ≈ 0.5 nm−1 is
due to the scattering from the background (see Figure 6.8b). For both, films F2w and F8w,
the simulated line cuts describe the experimental line cuts well. Additional line cuts (which are
not part of the nanostructure fit) show good agreement between simulations and experiments
as well (Figures B.14 and B.16 in the Appendix).

The evolution of the sphere radii, Rsphere, and average distances between them, Dsphere,
obtained from the model fits during swelling of film F2w in water vapor are shown in Figure
8.9a and b, respectively. The radius of the larger spheres, which are related to P(nBuMA-co-
TEGMA), increases during swelling from ∼9.8 nm to ∼11.7 nm at ∼2000 s, at which the
polymer concentration is φp = 0.64. At the same time, the distance between the spheres
decreases slightly. The smaller spheres, which are related to PEG, are only observed in the
dry film and vanish early during swelling, i.e., before 1432 s at which the polymer volume
fraction is φp = 0.71 or higher. Between ∼2000 s and ∼ 5600 s, the film is disordered, i.e., no
nanostructure is used for the fits. During drying, the larger spheres reappear and initially have
a radius of ∼10.9 nm and a distance of ∼30.2 nm, which decrease to ∼10.2 nm and ∼29.3
nm in the fully dried film, respectively. The smaller spheres are present in the fully dried film
and have a radius of ∼3.8 nm and a distance of ∼16.6 nm. The radius of the smaller spheres
is lower than before swelling (see Table 8.2 for as-prepared values), which might indicate that
they are not fully formed at that time, i.e., equilibrium is not reached. The reason could be
that a small amount of water is left in the film. For the same reason, the distance between the
spheres is larger after drying compared to the as-prepared films, due to the PDMAEMA being
weakly swollen by the leftover water.

The morphology evolution during swelling of film F2w in water vapor is shown in Figure 8.9c.
In the early stages of swelling, where the fraction of water in the film is still low, the PEG spheres
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Figure 8.9.: Radius of spheres (a) and their average distance (b) in film F2w during swelling in
water vapor at room temperature. (c) Schematic illustration of the self-assembly of TDE with
fully charged PDMAEMA in thin films swollen in water vapor. At low degrees of swelling, the PEG
blocks are dissolved and the spheres formed by P(nBuMA-co-TEGMA) swell. At higher degrees
of swelling, the films becomes disordered, i.e., the ODT is crossed. Adapted with permission
from [289]. Copyright (2020) American Chemical Society.

dissolve and mix with the PDMAEMA matrix. This is presumably due to two effects. First,
water is a non-selective solvent for PEG and PDMAEMA and thus dissolves both blocks. The
partitioning of water in both domains lowers the effective interaction parameter χPDMAEMA/PEG

according to equation 2.20 [110]. Secondly, the presence of water in both domains lowers
the difference in dielectric constant between them, which reduces the effectiveness of the
selective counterion solubilization to enhance the segregation strength in the film with fully
charged PDMAEMA [148]. By comparison to film F8w, which has weakly charged PDMAEMA
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blocks and is disordered, the latter effect seems to be the dominant one. Therefore, water,
which is an example of a non-selective, polar solvent, strongly suppresses the segregation
between PDMAEMA and PEG. This result agrees with previous findings in theoretical [151] and
experimental [153] work on diblock copolymers, and is shown here for the case of a pentablock
quaterpolymer.

At even higher degrees of swelling in water, up to a minimum polymer concentration of φp =

0.49, also the larger spheres formed by the P(nBuMA-co-TEGMA) end blocks dissolve and the
film becomes homogeneous. Thus, the order-disorder transition (ODT) in the phase diagram is
reached. From the investigation of the dilute solution in chapter 7, it is known that water is a
midblock selective solvent, since micelles with a core of hydrophobic end blocks are formed.
In that case, the phase behavior of the end blocks in the PDMAEMA/PEG matrix should
be similar to the one shown in Figure 2.13, i.e., the selective solvent is expected to stabilize
the ordered phases. However, the experiments are performed at room temperature, where
TEGMA segments of the end blocks are still hydrophilic. Thus, some water is expected to
enter the larger spheres, which is the reason why their radius increases during swelling (Figure
8.9). A significant amount of water is also found in the core of the micelles formed by TDE
in dilute solution at low temperatures (Figure 7.10e). Therefore, the segregation strength
χP(TEGMA-co-nBuMA)/PDMAEMA is decreased by the screening of interactions by water and the
reduction of the dielectric constant difference between the PDMAEMA and P(nBuMA-co-
TEGMA) blocks . Due to the partial hydrophobicity of the end blocks, the decrease of the
segregation strengths is weaker than the one between PDMAEMA and PEG, which is why
PDMAEMA and P(nBuMA-co-TEGMA) mix at higher water fractions. Since the electrostatic
interactions are the driving force for the microphase separation in the as-prepared films, it is
assumed that the weakening of the electrostatic interactions is the main reason for the decrease
of the segregation strength in the water swollen films.

Swelling experiments in water vapor are also performed for the thicker films. The swelling
protocols, swelling curves and representative horizontal line cuts of the measured GISAXS
patterns for the thicker films F2RT (fully charged PDMAEMA) and F8RT (weakly charged
PDMAEMA) are summarized in Figure 8.10. The data of films F4RT and F6RT are shown
in the Appendix in Figure B.8. Again, the films are dried for 200-400 s by exposing them to
a flow of pure N2 (Figures 8.10a and b). Then, the flow of pure N2 is switched off and the
solvent saturated vapor flow is switched on. After a certain amount of time, at which no more
significant changes in the swelling curves and the scattering patterns are observed, the pure N2

flow is gradually switched on again to dry the films. During the in situ swelling experiment of
film F2RT, the spectral reflectance device did not work properly and no film thickness data was
recorded. Thus, a repeat experiment is performed with similar swelling conditions (Appendix
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Figure B.7). From the repeat experiment, the film thickness during the in situ experiment is
estimated. Film F2RT reaches a thickness of t ≈ 296 nm after ∼2000 s of swelling (Figure
8.10c). This corresponds to a polymer volume fraction of φp = t0/t = 0.75. Film F8RT swells
slightly less in water vapor and reaches a thickness of t = 255 nm after ∼3600 s of swelling
(Figure 8.8d), which corresponds to a polymer volume fraction of φp = 0.80. Also in the
thicker films, the film with the fully charged PDMAEMA blocks (F2RT ) swells more strongly
in water vapor than the film with weakly charged PDMAEMA (F8RT ), which is due to the
higher degree of ionization of PDMAEMA, which enhances its water solubility [143]. Films
F4RT and F6RT have similar curves and reach film thicknesses of 325 nm (φp = 0.66) and
314 nm (φp = 0.69) after 2000 s and 4840 s, respectively. Compared to the thinner films,
the degree of swelling of the thicker films is overall smaller (larger values of φp at the highest
degree of swelling). This can be explained by polymer entanglement, which is more prominent
in thicker films [292]. The larger number of entanglements in the thicker films reduces their
maximum degree of swelling [293].

The refractive index of the polymer film decreases during swelling in water vapor and increases
again during drying for all films (Figures 8.10c and d and B.8c and d). The real part of the
refractive index of water is δwater = 3.6 × 10−6 at the wavelength used at ELETTRA, which is
smaller than the one of the dry polymer film. Therefore, water enters the film during swelling
and is removed during drying.

The horizontal line cuts obtained from the GISAXS patterns of films F2RT and F8RT during
swelling in water vapor are shown in Figure 8.10e and f, respectively. The corresponding 2D
scattering patterns are shown in the Appendix in Figures B.21 and B.27, respectively. For film
F2RT, the scattering peak becomes less pronounced and shifts towards smaller qy values during
swelling (147 to 2330 s) (Figure 8.10e). During drying, the peak becomes more pronounced
again and shifts back to higher qy values (2967 to 3752 s). The presence of the scattering
peak throughout the full swelling process indicates that the polymer film does not become
disordered. In the scattering curves of film F8w, the scattering peak at low qy values, which
was attributed to small aggregates or clusters, is absent in the fully swollen state at 4057 s
(Figure 8.10f). The scattering curves during the early stages of swelling are missing due to a
failure of the detector. The absence of scattering peak indicates that the film is disordered and
homogeneous in the swollen state. During drying, the peak reappears, but is less pronounced
and is shifted to slightly larger qy values in the fully dried film at 5904 s. The horizontal line
cuts of films F4RT and F6RT during swelling in water vapor are shown in Figure B.8e and f,
respectively. The corresponding 2D scattering patterns are shown in the Appendix in Figures
B.23 and B.25, respectively. The line cuts during swelling are very similar to the one described
for film F2RT. Also in these films, a scattering peak is present in the fully swollen films, which
indicates that the films are phase separated in the swollen state.
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Figure 8.10.: (a,b) Solvent vapor swelling protocols for (a) film F2RT and (b) film F8RT. (c,d)
Film thickness (left axis, solid blue line) and real part of the polymer film refractive index, δfilm,
(right axis, open brown stars) as a function of time during solvent vapor swelling with water for
(c) film F2RT (fully charged PDMAEMA) and (d) film F8RT (weakly charged PDMAEMA).
Open circles indicate times at which GISAXS measurements are performed. Blue and green
shading indicates the swelling and the drying step, respectively. The measured relative humidities
in the chamber are shown in Figures B.10a and d in the Appendix. (e,f) Horizontal line cuts
extracted from 2D GISAXS patterns (line cut IIa in Figure 6.9; open symbols) and corresponding
best fits from the simulations (solid red lines) for (e) film F2RT and (f) film F8RT. The times
during solvent vapor swelling are given and indicate the swelling (blue) and the drying steps
(green). For clarity, curves are shifted upwards and only every second data point is shown. The
corresponding 2D GISAXS patterns and additional line cuts are given in the Appendix (Figures
B.21, B.22 and B.27, B.28). In (e), the position of the main scattering peak is indicated with a
green arrow.
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All curves are again modeled by assuming a spherical morphology or a homogeneous,
disordered film (red lines in Figures 8.10e and f and B.8e and f). The curves at the first two
times and last two times of film F2RT in Figure 8.10e are modeled using two types of spheres,
i.e., the model used for the as-prepared film. The remaining curves between 1549 and 2967 s
are modeled using only the larger type of spheres. For film F4RT, the curves at the first two
times and the last time are modeled using two types of sphere, while the curves between 1600
s and 3388 s are modeled using only the larger type of spheres (Figure B.8e). All curves of
film F6RT are modeled using only the larger type of spheres (Figure B.8f). The curves of film
F8RT in Figure 8.10f are modeled assuming a homogeneous film in the fully swollen state
(4067 s) or one type of uncorrelated spheres (other curves). Furthermore, the width of their
size distribution was varied during the fit. For all films, the simulated line cuts describe the
experimental linecuts well. Additional line cuts (which are not part of the nanostructure fit)
show good agreement between simulations and experiments as well (Figures B.22, B.24, B.26
and B.16 in the Appendix).

The evolution of the sphere radii, Rsphere, and average distances between them, Dsphere,
obtained from the model fits during swelling of film F2RT in water vapor are shown in Figure
8.11a and b, respectively. The radius of the larger spheres, which are related to P(nBuMA-
co-TEGMA), increases during swelling from ∼8.0 nm to ∼10.4 nm at ∼2330 s, at which the
polymer concentration is φp ≈ 0.75. At the same time, the distance between the spheres
increases significantly, from ∼19.3 nm to ∼25.2 nm at 2330 s. The smaller spheres, which
are related to PEG, decrease significantly in size during the early swelling. At 622 s (φp =

0.83), their radius is ∼1.4 nm and the distance is ∼13.9 nm. At this point, however, their
contribution to the scattering curve is already extremely small and the determined sizes might
not be trustworthy. However, the tendency to decrease in size is likely true. During drying,
the radius of the larger spheres decrease slightly to ∼9.3 nm, whereas the distance remains
constant. The smaller spheres reappear and have a radius and distance of ∼4.4 nm and ∼18.5
nm in the dried film, respectively.

The evolution of the sphere radii, Rsphere, and average distances between them, Dsphere,
obtained from the model fits during swelling of films F4RT and F6RT in water vapor are
shown in the Appendix in Figures B.9a and b and Figures B.9c and d, respectively. As expected
from the similar scattering curves, their behavior is comparable the one of film F2RT. The radii
of the large spheres increase to ∼9.7 nm for film F4RT (Figure B.9a) and to ∼9.7 nm for
film F6RT (Figure B.9c) in the swollen state. The distance between the large spheres increase
to ∼27.1 nm for film F4RT (Figure B.9b) and to ∼23.1 nm for film F6RT (Figure B.9d) in
the swollen state. Similar to film F2RT, the smaller spheres in film F4RT decrease in size
during the initial swelling. In film F6RT, they are absent. During drying, the radius of the
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Figure 8.11.: Radius of spheres (a) and their average distance (b) in film F2RT during swelling
in water vapor at room temperature.

larger spheres decreases to ∼9.2 nm (film F4RT ) and ∼9.1 nm (film F4RT ). The distance
decreases to ∼25.0 nm in film F4RT and slightly increases to ∼23.7 nm in film F6RT.

In the study of the thicker films, two more pD values are used during film preparation
compared to the thinner films. Both are below the pKa of PDMAEMA, but above the lower
pD in the thinner films, i.e., different degrees of ionization are probed. Both the films with
fully charged PDMAEMA (F2RT and F4RT ) and the film with partially charged PDMAEMA
(F6RT ) are microphase-separated. Additionally, the structure evolution during swelling in
water vapor in these films is very similar. Therefore, the degree of ionization, as long as it is
large enough to induce microphase separation, seems to have a minor effect on the structural
parameters of the films. However, a detailed study of several films prepared close to the pKa

of PDMAEMA is needed to confirm this.
To compare the structural evolution of all microphase-separated films in water at room

temperature, the radius, Rsphere, and distance, Dsphere, of the larger spheres formed by P(nBuMA-
co-TEGMA), obtained from the model fits, are shown in Figure 8.12 in dependence on the
polymer volume fraction, φp. In all films, Rsphere increases during swelling, which shows that
the spheres take up water (Figure 8.12a). The thinner film (F2w) becomes disordered at low
φp values, approximately between 0.5 and 0.6. The degree of swelling of the thicker films
(F2RT, F4RT and F6RT ) is lower, which is why the disordered region is not reached. As
mentioned above, the structural evolutions in the thicker films follow the same trend, which
again indicates that the difference in degree of ionization has only a small influence. Also the
values of Dsphere increases during swelling, consistently observed in the thicker films (Figure
8.12b). Contrary, in the thinner film, Dsphere decreases slightly during swelling. However, this
could be due to the fast swelling and loss of order, which makes it difficult to determine the
distance from the scattering curve (note the large error bar in Figure 8.9b at 1921 s). During
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drying, both Rsphere and Dsphere decrease, consistently observed in all films. Both parameters
seem to approach a common value, which is ∼9.5 nm for Rsphere and ∼25.0 nm for Dsphere.
This suggests that the thicker films are not in equilibrium in the as-prepared state, which is
probably due to their lower mobility owing to the larger number of entanglements in thick films
[292].

Figure 8.12.: Overview of the φp dependence of (a) the radius of the larger spheres, Rsphere, and
(b) the distance between the larger spheres, Dsphere, in phase separated TDE films during swelling
in water vapor at room temperature. The arrows guide the eye and indicate swelling (blue) and
drying (green). The solid arrows indicate the evolution of the thicker films and the dashed arrows
the thinner film. The vertical dashed line approximates the order-to-disorder transition.

To summarize, the swelling behavior of TDE films, with different thicknesses and degrees of
ionization of PDMAEMA, in water vapor at room temperature was investigated. A conclusive
structural evolution is found. At polymer volume fractions between 0.5 and 0.6, the films
become disordered, which is attributed to the suppression of electrostatic interactions by
the polar water. Before the disordered region, the spheres formed by self-assembly of the
P(nBuMA-co-TEGMA) end blocks swell and increase in size, which indicates that water enters
them, suggesting that water is not a strongly selective but a weakly selective solvent. Water
also increases the polymer chain mobility, which is evidenced by the difference in structural
parameters between the as-prepared states and states after swelling in the thicker films. Since
TDE self-assembles in dilute aqueous solutions, while water swollen TDE films are disordered,
it can be concluded that the former are dominated by solvent-segment interactions while the
latter are dominated by segment-segment interactions.
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8.5. Structure evolution during swelling in toluene vapor

According to the results in section 8.4, water, which is a midblock selective solvent with a
high dielectric constant (εr ≈ 80) suppresses the microphase separation in TDE films. It is
therefore interesting to investigate and compare the effect of a solvent with a small dielectric
constant on the self-assembly behavior. For that purpose, toluene is chosen as a solvent,
which has a dielectric constant of εr ≈ 2.4, i.e., significantly lower than water. Furthermore,
toluene is an end block selective solvent because PEG is less soluble in toluene than in water
[294–296]. Again, in situ GISAXS experiments are performed to follow the structural evolution
of films during swelling. The films F2t (fully charged PDMAEMA) and F8t (weakly charged
PDMAEMA) are investigated.

The swelling protocols, swelling curves and representative horizontal line cuts of the measured
GISAXS patterns are summarized in Figure 8.13. Initially, the films are dried for ∼500-1000 s
by exposing them to a flow of pure N2 (Figures 8.13a and b). Then, the flow of pure N2 is
switched off and the solvent saturated vapor flow is switched on. After a certain amount of
time, at which no more significant changes in the swelling curves and the scattering patterns
are observed, the pure N2 flow is switched on again to dry the films. Film F2t swells weakly in
toluene vapor and reaches a thickness of t = 75 nm after ∼2600 s of swelling (Figure 8.13c).
This corresponds to a polymer volume fraction of φp = t0/t = 0.84. Film F8t swells strongly in
toluene vapor and reaches a thickness of t = 102 nm after ∼2700 s of swelling (Figure 8.13d),
which corresponds to a polymer volume fraction of φp = 0.50. Compared to water, the swelling
rates in toluene vapor are faster due to the higher vapor pressure. At 25 °C, the vapor pressures
of water and toluene are 3.2 and 3.8 kPa, respectively. The reason why the film with fully
charged PDMAEMA swells only weakly in toluene vapor is that the protonated PDMAEMA has
a much lower solubility in toluene [211]. Weakly charged or uncharged PDMAEMA, however,
has high solubility in toluene and swells almost as strongly as the film with fully charged
PDMAEMA in water.

GISAXS patterns are recorded continuously during the swelling and drying steps. The times
at which patterns are analyzed and discussed are shown with open symbols in Figures 8.13c
and d. From the position of the Yoneda peak of the film (obtained from line cut IIb in Figure
6.9), the real part of the refractive index of the film is determined using equation 3.37. δfilm

decreases during swelling and increases back to its initial value during drying. Since the real
part of refractive index of toluene, which is δwater = 1.7 × 10−6 at the used wavelength, is
smaller than the one of the dry polymer film, this indicates that toluene enters the film during
swelling and is removed during drying.

The horizontal line cuts obtained from the GISAXS patterns of films F2t and F8t during
swelling in toluene vapor are shown in Figure 8.13e and f, respectively. The corresponding
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Figure 8.13.: (a,b) Solvent vapor swelling protocols for (a) film F2t and (b) film F8t. (c,d)
Film thickness (left axis, solid blue line) and real part of the polymer film refractive index, δfilm,
(right axis, open brown stars) as a function of time during solvent vapor swelling with water for
(c) film F2t (fully charged PDMAEMA) and (d) film F8t (weakly charged PDMAEMA). Open
circles indicate times at which GISAXS measurements are performed. Purple and green shading
indicates the swelling and the drying step, respectively. (e,f) Horizontal line cuts extracted from
2D GISAXS patterns (line cut IIa in Figure 6.9; open symbols) and corresponding best fits from
the simulations (solid red lines) for (e) film F2t and (f) film F8t. The times during solvent vapor
swelling are given and indicate the swelling (purple) and the drying steps (green). For clarity,
curves are shifted upwards and only every second data point is shown. The corresponding 2D
GISAXS patterns and additional line cuts are given in the Appendix (Figures B.17 and B.19).
The position of the main scattering peak is indicated with green arrows. Adapted with permission
from [289]. Copyright (2020) American Chemical Society.
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2D scattering patterns are shown in the Appendix in Figures B.17 and B.19. The scattering
curves of film F2t remain mostly unchanged during swelling and drying (Figure 8.13e). In
particular, the scattering peaks at 0.2 nm−1 and 0.4 nm−1 are present in all curves. Only
a slight shift towards smaller qy values is observed, which is indicated with a green arrow.
Therefore, the nanostructure of the as-prepared film seems to remain intact during swelling in
toluene. Interestingly, in the scattering curves of film F8t, a pronounced scattering peak at
≈0.4 nm−1 appears in the toluene swollen state, indicates that a nanostructure is formed. The
peak is largely unchanged during swelling and disappears during drying.

All curves are modeled by assuming a spherical morphology or a homogeneous, disordered
film (red lines in Figures 8.13e and f). All curves in Figure 8.13e are modeled using two types
of correlated spheres, i.e., the model used for the as-prepared film. The first and last curves
in Figure 8.13f are modeled without a nanostructure, assuming a homogeneous film. The
shallow, broad peak at qy ≈ 0.5 nm−1 is due to the scattering from the background (see Figure
6.8b). The curves between 1542 and 4104 s are modeled using one type of correlated spheres.
For both, films F2t and F8t, the simulated line cuts describe the experimental line cuts well.
Additional line cuts (which are not part of the nanostructure fit) show good agreement between
simulations and experiments as well (Figures B.18 and B.20 in the Appendix).

The evolution of the sphere radii, Rsphere, and average distances between them, Dsphere,
obtained from the model fits during swelling of film F2t in toluene vapor are shown in Figure
8.14a and b, respectively. The radius of the larger spheres, which are related to P(nBuMA-co-
TEGMA), and the radius of the smaller spheres, which are related to PEG, seem to increase
slightly during swelling to values of ≈9.8 nm and ≈6.2 nm, respectively. However, the increase
is small. During drying, the radii decrease back to the ones of the as-prepared film. The trend
of Rsphere indicates that the spheres swell in toluene, which, due to the small degree of swelling,
results in only a small increase of their size. The distance between the spheres decreases
during swelling, which is especially pronounced for the larger spheres (Figure 8.14b), where the
distance decreases from 26.2 nm to ≈23.7 nm. Also for Dsphere, the as-prepared values are
re-obtained after drying.

The morphology evolution during swelling of film F2t in toluene vapor is shown in Figure
8.14c. The P(nBuMA-co-TEGMA) end blocks swell in toluene and slightly increase in size.
Similarly, small amounts of toluene enter the PEG domains and swell the smaller spheres. It
does not, however, enter the PDMAEMA matrix since it is fully charged. The presence of the
non-polar toluene instead leads to a contraction of the PDMAEMA blocks, which is evidenced
by the reduction of the sphere distance. The spherical morphology of two types of spheres
is unaltered during swelling in toluene. This may be due to two reasons. First, the degree
of swelling is rather small, and screening of segment-segment interactions is weak. Secondly,
the electrostatic interactions, which are the origin of the microphase separation in TDE thin
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Figure 8.14.: Radius of spheres (a) and their average distance in film F2t during swelling
in toluene vapor. (c) Schematic illustration of the self-assembly of TDE with fully charged
PDMAEMA in thin films swollen in toluene vapor. The PEG and P(nBuMA-co-TEGMA) spheres
swell slightly, but remain microphase-separated. Adapted with permission from [289]. Copyright
(2020) American Chemical Society.

films, are not weakened by toluene. The low dielectric constant means that the counterions are
still selectively solubilized in the charged PDMAEMA matrix, which enhances the segregation
strength.

Regarding film F8t, the evolution of Rsphere and Dsphere obtained from the model fits during
swelling of in toluene vapor are shown in Figure 8.15a and b, respectively. In the as-prepared
state and in the dried state after swelling, the film is disordered. In the swollen state, one
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type of spheres are present which have a nearly constant radius of ∼5.3 nm and an average
distance of ∼10.5 nm. The order is very weak, since the relative width of the of the paracrystal
distribution function, w/D, has values between 0.8 and 1.0 (for the ordered morphologies in
the films with fully charged PDMAEMA, the relative width is much smaller and has values
between 0.3 and 0.5).

Figure 8.15.: Radius of spheres (a) and their average distance (b) in film F8t during swelling
in toluene vapor. (c) Schematic illustration of the self-assembly of TDE with weakly charged
PDMAEMA in thin films swollen in toluene vapor. In the swollen state, microphase separation
occurs either due to aggregation of PEG blocks or ionic association of the few charged PDMAEMA
segments and counterions. Adapted with permission from [289]. Copyright (2020) American
Chemical Society.

The formation of the spheres in the toluene swollen films with weakly charged PDMAEMA
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can be explained in two ways. One explanation is that the spheres are formed be aggregation
of the central PEG blocks, which reside in a matrix of mixed P(nBuMA-co-TEGMA) and
PDMAEMA blocks. The spheres in the toluene swollen film F8t have a radius similar to the
smaller spheres observed in the as-prepared films F2w and F2t, which was also related to PEG.
They form due to the selectivity of toluene, which is a worse solvent for PEG than for the other
blocks. The second explanation is the association of the few charge PDMAEMA segments with
the counter ions to reduce the contact with the non-polar toluene. Weakly charged PDMAEMA
blocks are random ionomers, which are known to form small ionic complexes in a non-polar
environment [20, 297].

It is interesting to see that toluene induces microphase separation, whereas water, which
is also a selective solvent, does not induce microphase separation in TDE films with weakly
charged PDMAEMA. The reason might be the difference in dielectric constant. In the weakly
charged films, electrostatic interactions are weak but present. Water, which has a high dielectric
constant, weakens these interactions further and therefore, while being a selective solvent,
reduces the segregation strength. Toluene, which has a low dielectric constant, maintains
the electrostatic interactions which contribute to a higher segregation strength. To test this
hypothesis, a film is also prepared from a toluene solution. In toluene, the degree of ionization
of PDMAEMA is zero, i.e., the PDMAEMA blocks in the film are expected to be uncharged.
The film is then swollen in toluene and investigated with GISAXS in the as-prepared state and
in a fully swollen state at φp = 0.45, i.e., similar to the fully swollen state in Figure 8.13d.
The results are summarized in the Appendix in Figure B.11. Both GISAXS patterns are similar
and show no evidence of scattering from a nanostructure (Figures B.11a and b). In fact, they
appear similar to the as-prepared films with weakly charged PDMAEMA (Figure 8.3). This
is also confirmed in the horizontal line cuts in Figure B.11c, which have the same features
also seen in the film with weakly charged PDMAEMA (Figure 8.4b). Therefore, the film with
uncharged PDMAEMA is disordered and homogeneous both in the as-prepared state and in
the toluene swollen state. This confirms that the weak electrostatic interactions in film F8t are
a significant contribution to the microphase separation in the toluene swollen state.

8.6. Swelling films in water at 40 °C - effect of
temperature

The results in section 8.4 show that swelling TDE films in water vapor at room temperature
reduces the segregation strength. As a result, the films become disordered at polymer volume
fractions of φp between 0.5 and 0.6, despite the fact that water is a midblock selective solvent.
This is attributed to a weakening of the electrostatic interactions, i.e., reduction of segment-
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segment interaction strength, which are more dominant than the solvent-segment interactions at
these values of φp. However, the functionality of TDE includes thermoresponsive P(nBuMA-co-
TEGMA) end blocks, which become more hydrophobic with increasing temperature. Therefore,
it may be expected that the decrease of segregation strength in TDE films by water is weaker
at higher temperatures compared to low temperatures. At higher temperatures, less water
should enter the spheres formed by P(nBuMA-co-TEGMA).

To investigate the effect of temperature on the self-assembly behavior of TDE in the swollen
state, swelling experiments in water vapor are performed with films F2HT, F4HT, F6HT and
F8HT at a temperature of 40 °C. The structural evolution of the films is followed by in situ
GISAXS performed at the SAXS beamline at the ELETTRA synchrotron, using the setup
introduced in chapter 5. During the beamtime, the lamp of the spectral reflectance device
broke, and film thickness data could not be recorded. However, the relative humidity inside
the chamber was recorded. This made it possible to repeat the swelling experiments in the
laboratory after the beamtime, recreating the humidity curves as close as possible. The obtained
thickness curves of the repeat measurements serve as an indication of the film thicknesses
during the in situ GISAXS experiments. An overview of the repeat measurements is given in
Figure B.12 in the Appendix.

The swelling protocols, swelling curves and representative horizontal line cuts of the measured
GISAXS patterns for films F2HT and F4HT (both fully charged PDMAEMA) are summarized
in Figure 8.16. The films are dried for 100-200 s by exposing them to a flow of pure N2 (Figures
8.16a and b). Then, the flow of pure N2 is switched off and the water saturated vapor flow
is switched on. After a certain amount of time, at which no more significant changes in the
swelling curves and the scattering patterns are observed, the pure N2 flow is gradually switched
on again to dry the films. Film F2HT reaches a thickness of t ≈ 232 nm after ∼1800 s of
swelling (Figure 8.16c). This corresponds to a polymer volume fraction of φp = t0/t = 0.91.
Film F4HT reaches a thickness of t = 236 nm after ∼1800 s of swelling (Figure 8.16d), which
corresponds to a polymer volume fraction of φp = 0.91.

The degree of swelling of the fully charged films in water is lower (larger φp) compared to
the experiments at room temperature (see Figures 8.10c and B.8c), which suggests that, as
expected, the hydrophobicity of the end blocks is higher. However, the relative humidities,
RH, in the chamber are lower. In the experiments at 40 °C, values of RH are around 50 %
while at room temperature, the humidities are above 80 % (Figure B.10). To determine the
solubility of the polymer in water, the polymer-solvent interaction parameter, χ, is calculated
according to equation 3.45 using the maximum swelling ratio and corresponding maximum
relative humidity, and assuming 1/N ≈ 0. For films F2RT and F2HT, values of 0.78 and 0.97,
respectively, and for films F4RT and F4HT, values of 0.62 and 0.97, respectively, are obtained.



8.6. Swelling films in water at 40 °C - effect of temperature 165

Figure 8.16.: (a,b) Solvent vapor swelling protocols for (a) film F2HT and (b) film F4HT at 40
°C. (c,d) Film thickness estimated from the repeat measurement in Figures B.12a and b (left
axis, open circles) and real part of the polymer film refractive index, δfilm, (right axis, open brown
stars) as a function of time during solvent vapor swelling with water for (c) film F2HT (fully
charged PDMAEMA) and (d) film F4HT (fully charged PDMAEMA). Open circles indicate times
at which GISAXS measurements are performed. Blue and green shading indicates the swelling
and the drying step, respectively. (e,f) Horizontal line cuts extracted from 2D GISAXS patterns
(line cut IIa in Figure 6.9; open symbols) and corresponding best fits from the simulations (solid
red lines) for (e) film F2HT and (f) film F4HT. The times during solvent vapor swelling are
given and indicate the swelling (blue) and the drying steps (green). For clarity, curves are shifted
upwards and only every second data point is shown. The corresponding 2D GISAXS patterns
and additional line cuts are given in the Appendix (Figures B.29, B.30 and B.31, B.32). The
position of the main scattering peaks are indicated with green arrows.
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Therefore, the larger values of χ at 40 °C compared to room temperature confirm that the
solubility of TDE is lower, which is attributed to the higher hydrophobicity of the end blocks.

The refractive index of the polymer film decreases during swelling in water vapor and increases
again during drying for both films (Figures 8.16c and d). The real part of the refractive index
of water is δwater = 3.6 × 10−6 at the wavelength used at ELETTRA, which is smaller than the
one of the dry polymer film. Therefore, water enters the films during swelling and is removed
during drying. The values of δfilm are larger compared to the values of the room temperature
experiments (Figures 8.10c and B.8c), indicating that the water fraction is lower, which agrees
with the lower degree of swelling.

The horizontal line cuts obtained from the GISAXS patterns of films F2HT and F4HT
during swelling in water vapor at 40 °C are shown in Figure 8.16e and f, respectively. The
corresponding 2D scattering patterns are shown in the Appendix in Figures B.29 and B.31,
respectively. For both films, the scattering curves remain unchanged during swelling and drying
(indicated by the vertical green arrows). It seems that the morphology of the as-prepared films
is stable during swelling. Therefore, all curves are modeled by using the as-prepared morphology,
i.e., using one type of correlated spheres. For both films, the simulated line cuts describe the
experimental linecuts well. Additional line cuts (which are not part of the nanostructure fit)
show good agreement between simulations and experiments as well (Figures B.30, B.32).

The evolution of the sphere radii, Rsphere, and average distances, Dsphere, obtained from the
model fits during swelling of films F2HT and F4HT in water vapor at 40 °C are shown in
Figures 8.17a and b, and 8.17c and d, respectively. As expected from the scattering curves, the
values are almost constant during swelling and drying. For film F2HT, the average values of
Rsphere and Dsphere are ∼7.7 nm and ∼18.7 nm, respectively, while for film F4HT, the average
values are ∼7.6 nm and ∼18.7 nm, respectively. These values agree with those obtained from
the as-prepared films (Table 8.3).

The swelling protocols, swelling curves and representative horizontal line cuts of the measured
GISAXS patterns for films F6HT and F8HT (partially charged and weakly charged PDMAEMA,
respectively) are summarized in Figure 8.18. The films are dried for 100-200 s by exposing
them to a flow of pure N2 (Figures 8.18a and b). Then, the flow of pure N2 is switched off and
the solvent saturated vapor flow is switched on. After a certain amount of time, when no more
significant changes in the swelling curves and the scattering patterns are observed, the pure
N2 flow is gradually switched on again to dry the films. Film F6HT reaches a thickness of
t ≈ 236 nm after ∼1800 s of swelling (Figure 8.18c), which corresponds to a polymer volume
fraction of φp = 0.92. Film F8HT swells poorly in the water vapor and reaches a thickness of
t = 212 nm after ∼1800 s of swelling (Figure 8.18d), which corresponds to a polymer volume
fraction of φp = 0.95.

Again, equation 3.45 is used to determine the polymer-solvent interaction parameters, χ, and



8.6. Swelling films in water at 40 °C - effect of temperature 167

Figure 8.17.: (a,b) Radius of spheres (a) and their average distance (b) in film F2HT during
swelling in water vapor at 40 °C. (c,d) Radius of spheres (c) and their average distance (d) in
film F4HT during swelling in water vapor at 40 °C.

compare them to the room temperature experiments. For films F6RT and F6HT, values of 0.69
and 1.10, respectively, and for films F8RT and F8HT, values of 1.07 and 1.52, respectively, are
obtained. Therefore, also for the films with partially charged and weakly charged PDMAEMA,
the hydrophobicity of the end blocks increases with increasing temperature.

The refractive index of the polymer film behaves similar to the films with fully charged
PDMAEMA: it decreases during swelling in water vapor and increases again during drying for
both films (Figures 8.18c and d), indicating that the water is present in the polymer films
during swelling and is removed during drying.

The horizontal line cuts obtained from the GISAXS patterns of films F6HT and F8HT
during swelling in water vapor at 40 °C are shown in Figure 8.18e and f, respectively. The
corresponding 2D scattering patterns are shown in the Appendix in Figures B.33 and B.35,
respectively. For film F6HT, the scattering curves remain unchanged during swelling and drying
(indicated by the vertical green arrow). Again, it seems that the morphology of the as-prepared
films is stable during swelling. Therefore, all curves are modeled by using the as-prepared
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Figure 8.18.: (a,b) Solvent vapor swelling protocols for (a) film F6HT and (b) film F8HT
at 40 °C. (c,d) Film thickness estimated from the repeat measurement in Figures B.12c and
d (left axis, open circles) and real part of the polymer film refractive index, δfilm, (right axis,
open brown stars) as a function of time during solvent vapor swelling with water for (c) film
F6HT (partially charged PDMAEMA) and (d) film F8HT (weakly charged PDMAEMA). Open
circles indicate times at which GISAXS measurements are performed. Blue and green shading
indicates the swelling and the drying step, respectively. (e,f) Horizontal line cuts extracted from
2D GISAXS patterns (line cut IIa in Figure 6.9; open symbols) and corresponding best fits from
the simulations (solid red lines) for (e) film F6HT and (f) film F8HT. The times during solvent
vapor swelling are given and indicate the swelling (blue) and the drying steps (green). For clarity,
curves are shifted upwards and only every second data point is shown. The corresponding 2D
GISAXS patterns and additional line cuts are given in the Appendix (Figures B.33, B.34 and
B.35, B.36). The position of the main scattering peak is indicated with a green arrow in (e).
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morphology, i.e., using one type of correlated spheres. In the scattering curves of film F8HT,
the broad scattering peak between 0.1 nm−1 and 0.2 nm−1 is present during swelling and
drying, but becomes more pronounced, i.e., less broad with time. All scattering curves of film
F8HT are modeled using one type of uncorrelated spheres. Similar to the fit of the as-prepared
film, the width of the size distribution of the spheres is not fixed in the fit. For both films, the
simulated line cuts describe the experimental linecuts well. Additional line cuts (which are not
part of the nanostructure fit) show good agreement between simulations and experiments as
well (Figures B.34, B.36).

The evolution of the sphere radius, Rsphere, and average distance, Dsphere, obtained from the
model fits during swelling of film F6HT in water vapor at 40 °C are shown in Figures 8.19a and
b, respectively. As expected from the scattering curves, Rsphere and Dsphere are almost constant
during swelling and drying and have average values of 9.1 nm and 23.4 nm, respectively. These
values agree reasonably well with the values obtained from the as-prepared film (Table 8.3).
The evolution of the sphere radius, Rsphere, and relative width of the size distribution, σ/Rsphere,
obtained from the model fits during swelling of film F8HT are shown in Figures 8.19c and
d, respectively. Between 500 and 1000 s, the spheres, which, in the as-prepared film, were
attributed to few aggregates or clusters due to their large size distribution, increase in size
and decrease in dispersity. At later times, Rsphere and σ/Rsphere are almost constant and have
average values of 10.1 nm and 0.51, respectively. Therefore, TDE films swollen in water at
elevated temperatures have a higher tendency to form aggregates.

To compare the swelling experiments at 40 °C to the ones at room temperature, radii and
distances of the spheres in the microphase-separated films at both temperatures during swelling
are shown in Figure 8.20 as a function of the polymer concentration. For clarity, the data
points during drying are not shown. At room temperature, both the radius and the distance
increase during swelling. However, at large values of φp, the increase is small. Only below φp

values of 0.8-0.9, the increase is significant. At 40 °C, Rsphere and Dsphere are constant, but only
the region of φp > 0.9 is probed, since the degree of swelling the films is low. Therefore, the
stable morphology during swelling in water at 40 °C can be due to two reasons. The first one
is that, due to the higher hydrophobicity of the end blocks, water is a more selective solvent
and reduces the segregation strength less than at room temperature. Additionally, the spheres
formed by the end blocks take up less water and therefore neither increase in size nor rearrange.
This would be a first clue that the exchange dynamics in TDE films swollen in water can be
tuned by temperature similar to what was found in TDE solutions (see Figure 4.6). It suggests
that step (II) in the swelling cycle proposed in Figure 4.7 might be realizable. However, the
second reason is that the degree of swelling in the experiments at 40 °C is simply too low to
induce structural changes to the morphology. Also in the room temperature experiments, no
significant changes are observed until the polymer volume fraction is lower than 0.8-0.9. A clue
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Figure 8.19.: (a,b) Radius of spheres (a) and their average distance (b) in film F6HT during
swelling in water vapor at 40 °C. (c,d) Radius of spheres (c) and the relative width of their size
distribution (d) in film F8HT during swelling in water vapor at 40 °C.

is found in the comparison of the swelling experiments of the weakly charged films F8RT and
F8HT. At room temperature, the few aggregates with high dispersity vanish during swelling
in water and are only weakly pronounced in the scattering curves after drying (Figure 8.10f).
At 40 °C, the aggregates become more pronounced during swelling in water and feature a
pronounced scattering peak in the scattering curve after drying (Figure 8.18f). This suggests
that the higher selectivity of water at 40 °C promotes aggregation, and that the aggregates
are formed by self-assembly of the P(nBuMA-co-TEGMA) end blocks. To clarify the effect
of temperature on the water swollen films, future experiments should be performed at higher
degrees of swelling, i.e., lower values of φp.
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Figure 8.20.: Overview of the φp dependence of (a) the radius of the larger spheres, Rsphere,
and (b) the distance between the larger spheres, Dsphere, in microphase-separated TDE films
during swelling in water vapor at room temperature (full symbols without border) and at 40 °C
(full symbols with red border).

8.7. Conclusions

The self-assembly of a pentablock quaterpolymer in thin films is investigated in dependence
on the charge fraction of the PDMAEMA midblocks and on the temperature. Furthermore,
swelling experiments are performed, which allow to probe the morphology as a function of the
polymer concentration, φp, in the range between 0.5 (swollen film) and 1.0 (dry film). The
solvent quality and the effect of temperature are investigated as well.

A schematic overview of the observed self-assembly behavior is shown in Figure 8.21. The
study of as-prepared, dry films in section 8.3 reveals that films with weakly or uncharged
PDMAEMA blocks are disordered. In films with partially charged or fully charged PDMAEMA
blocks, microphase separation is observed, resulting in a spherical morphology. Two types
of spheres are formed, larger ones by association of the P(nBuMA-co-TEGMA) end blocks
and smaller ones by association of the PEG blocks. The microphase separation is explained
by an increase of the interaction parameters χP(TEGMA-co-nBuMA)/PDMAEMA and χPDMAEMA/PEG

which is induced by electrostatic interactions. In particular, selective counterion solubilization
within the PDMAEMA matrix is a probable cause. At higher temperatures (40 °C), the
segregation strength between the blocks weakens, which results in mixing of the PEG blocks
with the PDMAEMA matrix. Therefore, increasing the charge fraction of the PDMAEMA
blocks promotes microphase separation, while increasing the temperature promotes mixing.
The final morphology is a delicate balance between these two effects in the dry films.

Films swollen in water, which is a solvent selective for the midblocks with a high dielectric
constant, have a weaker segregation strength compared to the dry films. Films with weakly
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Figure 8.21.: Schematic overview of the self-assembly behavior of TDE in thin films in dependence
on the charge state of PDMAEMA, the temperature, the solvent quality (water or toluene) and
the polymer concentration, φp. Red and brown spheres represent the larger and smaller spheres
observed in the films, respectively.

charged PDMAEMA remain disordered, which indicates that the segment-segment interactions
dominate over the solvent-segment interactions, which are expected to promote aggregation
of the hydrophobic end blocks. In films with fully charged PDMAEMA, at first the smaller
spheres formed by PEG blocks mix with the PDMAEMA blocks at polymer concentrations φp

between 0.6 and 1.0. However, the films remain microphase-separated in this concentration
range, since the larger spheres formed by P(nBuMA-co-TEGMA) end blocks are still present.
At even lower φp values, the films become disordered. This indicates that water reduces both
χP(TEGMA-co-nBuMA)/PDMAEMA and χPDMAEMA/PEG, which, in the latter case, is presumably due
to water dissolving both blocks, and, in the former case, is probably due to both screening of
segment-segment interactions and reduction of the electrostatic interaction strength, which is
enabled by the high dielectric constant of water.

The hypothesis of the weakening of the electrostatic interactions by water is tested by
performing swelling experiments with toluene, which is an endblock selective solvent with a low
dielectric constant. In fully charged films, the morphology is stable, i.e., both P(nBuMA-co-
TEGMA) and PEG are phase separated from the PDMAEMA blocks. Therefore,
χP(TEGMA-co-nBuMA)/PDMAEMA and χPDMAEMA/PEG are sufficiently high and promote microphase
separation, which is attributed to the electrostatic interactions which are hardly weakened
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by toluene due to its low dielectric constant. In weakly charged films, toluene even induces
microphase separation, which is attributed to its selectivity. However, electrostatic interactions
still play a role, which is evidenced by the absence of microphase separation in fully uncharged
films swollen in toluene.

First studies on the temperature dependence of the water swollen films indicate that the
weakening of the segregation strength is lower at higher temperatures, or even enhances it.
Since, in the dry films, higher temperatures are found to promote mixing, the enhancement of
the segregation strength is likely due to the increased hydrophobicity of the end blocks, which
increases the selectivity of water.

Compared to the dilute solutions in chapter 7, segment-solvent interactions play a much
weaker role in the self-assembly behavior in solvent swollen films. For example, the hydropho-
bicity of the end blocks does not induce microphase separation in water swollen films up to
polymer volume fractions of φp ≈ 0.5.

As a more general conclusion, it is shown that the self-assembly of multi-responsive multiblock
copolymers in thin films is complex and depends on many parameters, including charge, presence
of solvent and temperature. However, by systematic investigation of the parameter space,
aided by (in situ) structural characterization and modeling, the vast range of morphologies can
be efficiently exploited to generate desirable, tunable structures for applications.





9. Self-assembly of a doubly
pH-responsive pentablock
terpolymer

Parts of this chapter are based on experiments performed by Maximilian Schart, Elisabeth S.
Meidinger and Lukas Bührend for their Bachelor’s theses [298–300]. A manuscript about the
results with the title ”Microphase Separation of a Doubly pH-responsive Pentablock Terpolymer
in Solution and in Thin Films” is currently under preparation.

9.1. Introduction

Many studies which investigate the self-assembly of block copolymers with charged blocks
consider the case of diblock copolymers with one ionizable block and one uncharged block [148–
150, 152, 154–156]. The ionizable block usually has a varying degree of ionization, including the
possibility of being uncharged. Therefore, two charge states are possible: uncharged-uncharged
or charged-uncharged. This is also the case for the pentablock quaterpolymer TDE described in
chapters 7 and 8, which has two intermediate PDMAEMA blocks that are charged or uncharged
depending on the pH value, while the other blocks are uncharged. The pentablock terpolymer
MDV discussed here features two PDMAEMA blocks at the same position in the block sequence
as TDE, but has a central P2VP block which is also ionizable. Both PDMAEMA and P2VP are
cationic, i.e., the ionized groups are positively charged. The PMMA end blocks are uncharged.
Therefore, three charge states can be realized, which are illustrated in Figure 9.1. At low
pH values, below the pKa of P2VP (∼5.0) and PDMAEMA (∼7.5), both blocks are charged
(regime I). At intermediate pH values, i.e., for 5.0 < pH < 7.5, P2VP is mostly uncharged
while PDMAEMA is still charged (regime II). At high pH values, above the pKa of P2VP and
PDMAEMA, both blocks are uncharged (regime III). Furthermore, P2VP becomes hydrophobic
in regimes II and III, i.e., the solubility of the central block in water is strongly influenced by
the pH value.

The aim of this chapter is the investigation of the self-assembly of MDV in solution and
in thin films in dependence on its charge state. The tunable electrostatic interactions and
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Figure 9.1.: Calculated degrees of ionization, α, of P2VP (green line, pKa,P2VP ≈ 5.0) and
PDMAEMA (blue line, pKa,PDMAEMA ≈ 7.5) as a function of the pH value. Three regimes based
on the different charge states of the pentablock terpolymer MDV are indicated: (I) P2VP and
PDMAEMA are charged and hydrophilic. (II) P2VP is uncharged and hydrophobic, PDMAEMA
is charged and hydrophilic. (III) P2VP is uncharged and hydrophobic, PDMAEMA is uncharged
and weakly hydrophilic. The green and red circles denote the hydrophobic P2VP and PMMA
blocks, respectively.

the solubility of P2VP are expected to strongly influence the self-assembly behavior according
to the expectations outlined in chapter 4.2. The structural properties of MDV in aqueous
solution are investigated by means of DLS and SAXS under a systematic variation of the pH
value. The question arises whether the three charge states can be transferred into thin films
by adjusting the pH value during film preparation, and whether the regimes are the same as
in Figure 9.1. For that purpose, FTIR measurements are performed on films prepared from
different pH values, which allow to identify the charge states of PDMAEMA and P2VP. After
identification of the charge state of the films, their morphology is investigated by AFM and
GISAXS.

The structure of the chapter is the following: In section 9.2, details about the sample
preparation are given. A structural investigation of MDV in dilute aqueous solutions using DLS
and SAXS is presented in section 9.3. FTIR measurements of films prepared from different pH
values give insight into the charge state of MDV in the films (section 9.4). Afterwards, the
surface structure of thin films is probed using AFM (section 9.5), and the inner morphology is
investigated using GISAXS (section 9.6). Finally, a conclusion of the self-assembly behavior of
MDV in dependence on the charge state is given in section 9.7.
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9.2. Sample preparation

Aqueous solutions were prepared by dissolving the polymer in deionized H2O at concentrations
of 0.1 wt % (solutions for DLS), 1 wt % (solutions for SAXS) or 3 wt % (films for AFM, FTIR
and GISAXS) and by stirring the mixtures overnight. Furthermore, the 0.1 wt % solutions were
filtered with a 0.8 µm mixed cellulose ester syringe filter and again stirred overnight. Directly
after preparation, the solutions had pH values of 5.1-5.4. To adjust the pH of the solutions,
small amounts of 1 M HCl or 1 M or 2 M NaOH were added to adjust the pH towards smaller
or larger values, respectively. Methanol solutions were prepared by dissolving the polymer in
methanol at a concentration of 2 wt %.

A titration curve of MDV was measured by adding small amounts of 1 M HCl or 2 M NaOH
to the polymer solutions. The pH value was measured using a Metrohm 826 pH meter with a
glass electrode. The resulting titration curve is shown in Figure 9.2a. In the plot, the volume
of added 2 M NaOH is doubled to account for the higher molarity compared to 1 M HCl.
In the curve, two shoulders can be identified which are attributed to equivalence points of
PDMAEMA and P2VP, respectively. Since the shoulders overlap partially and the one related
to PDMAEMA is poorly defined, no attempt to determine the pKa values is made. Instead,
the literature values of pKa,PDMAEMA ≈ 7.5 and pKa,P2VP ≈ 5.0 are used.

The calculated degree of ionization, α, of PDMAEMA and P2VP is shown in Figure 9.2b
and c. In (b), the pH values at which films were prepared are indicated with open symbols.
In (c), the pH values of solutions for DLS and SAXS investigations are indicated with open
symbols.

Films were prepared by spin-coating of the solutions or by drop-casting. Silicon Si(100)
wafers (SilChem GmbH, Freiberg, Germany) of size 1.5 × 1.5 cm2 were used as substrates.
The wafers were cleaned with an acid bath (85 mL H2O:70 mL H2O2:165 mL H2SO4) at 80
°C for 15 min. Afterwards, the wafers were rinsed with water several times and then stored in
deionized water until use.

For AFM and GISAXS, thin films were prepared from 3 wt % solutions by four consecutive
spin coating steps, each at 4000 rpm and lasting 30 s. Firstly, the Si substrates were removed
from the water storage bath and spin dried. Secondly, 150 µL acetone was used to remove
any remaining organic residues. Thirdly, 200-250 µL water was applied to make the surface
hydrophilic. Fourthly, 200 µL of the polymer solution was used. This way, homogeneous
polymer films were obtained. The film thickness varied significantly depending on the pH value.
For 5.9 / pH / 7.1, the film thickness was high at 250-270 nm. Outside this pH range, the
film thickness was significantly lower and had values of 70-120 nm. The origin of the increased
film thickness in a narrow range of pH values is at the moment unclear.

For FTIR, thicker films were prepared by drop-casting. The Si substrates were treated the
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Figure 9.2.: (a) Titration curve of a 3 wt % solution of MDV in H2O. To the right of the dashed
line, addition of 1 M HCl is shown. To the left of the dashed line, addition of 2 M NaOH is
shown. The volume of NaOH is doubled to account for the higher molarity. The red line is a
guide to the eye. The expected pKa’s of PDMAEMA (≈7.5) and P2VP (≈5.0) are indicated.
(b) Calculated degree of ionization of PDMAEMA and P2VP as a function of the pH value using
equation 2.22. Open symbols indicate the degree of ionization of the solutions used for film
preparation. (c) Same as (b), but open symbols indicate solutions investigated with SAXS or
DLS.

same way as described above for AFM and GISAXS, but the polymer solution was deposited
on the substrate without spin-coating and is left to dry for a few days.

An overview of the pH values and corresponding degree of ionizations for all solutions used in
this chapter, along with the corresponding film thicknesses if applicable, is given in Table 9.2.
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method concentration pH αP2VP
b αPDMAEMA

c film thicknessd

DLS 0.1 wt %a

1.6 1.00 1.00 –
2.0 1.00 1.00 –
2.6 1.00 1.00 –
2.7 0.99 1.00 –
3.4 0.98 1.00 –
3.7 0.95 1.00 –
4.2 0.86 1.00 –
5.0 0.50 0.99 –
5.8 0.14 0.98 –
6.7 0.02 0.86 –
7.1 0.01 0.72 –
8.1 0.00 0.20 –

SAXS 1 wt %a

1.8 1.00 1.00 –
5.6 0.20 0.99 –
7.2 0.01 0.67 –

AFM/FTIR 3 wt %a

1.8 1.00 1.00 not measured
3.9 0.93 1.00 not measured
5.1 0.44 0.99 not measured
6.1 0.07 0.96 not measured
7.2 0.01 0.67 not measured
8.3 0.00 0.14 not measured

GISAXS 3 wt %a

2.1 1.00 1.00 ≈73 nm
4.1 0.89 1.00 ≈109 nm
4.8 0.61 1.00 ≈95 nm
5.2 0.39 0.99 ≈115 nm
5.9 0.11 0.98 ≈250 nm
7.1 0.01 0.72 ≈267 nm
8.2 0.00 0.17 ≈86 nm

methanol – ≈0.00 ≈0.00 ≈120 nm

Table 9.1.: Overview of sample parameters of the MDV solutions investigated in this chapter.
aH2O solution. bCalculated with pKa,P2VP = 5.0. cCalculated with pKa,PDMAEMA = 7.5.
d Measured with spectral reflectance.
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9.3. Solution state

The hydrodynamic radius of the self-assembled structures in dilute aqueous solution are
investigated by means of DLS as a function of the pH value. pH values are adjusted between
1.6 and 8.1, and the temperature is fixed at 30 °C. For each pH value, 10 autocorrelation
functions are measured for 30 s while also varying the scattering angle θ between 45° and 120°.
Subsequently, the autocorrelation functions at each condition are averaged after removing
those containing artefacts. Autocorrelation functions obtained from 0.1 wt % H2O solutions
are shown in Figures 9.3a and b for pH < 5.0 (regime I) and pH > 5.0 (regime II and III),
respectively.

Figure 9.3.: (a,b) DLS autocorrelation functions (open symbols) of 0.1 wt % solutions of MDV
in H2O at the pH values given in the graphs. The scattering angle is θ = 90° and the temperature
is 30 °C. For better visibility, pH values smaller than 5.0 are shown in (a) and pH values larger
than 5.0 in (b). Solid lines are model fits using REPES. (c) Decay time distributions, G(τ)τ ,
obtained from the model fits. The distributions are shown in equal area representation, are
normalized to their highest peak and are shifted upwards by multiples of 1 for clarity. Arrows
indicate the position of the peaks related to the fast (left arrow) and the slow decay (right arrow).

At pH 1.6, the autocorrelation function features a fast decay with decay time ∼0.01 - 0.1
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ms and a weak slow decay with decay time ∼1 - 10 ms (Figure 9.3a). Upon increasing the pH
value, the slow decay becomes more prominent while the fast decay decreases in magnitude.
At pH values above 3.4, only the slow decay is present. Therefore, at pH values of 3.4 or lower,
a bimodal distribution of particle sizes is present, while at higher pH values, one particle size
is observed. At pH values larger than 5.0, only the slow decay is observed, which shifts to
smaller decay times with increasing pH value (Figure 9.3b). This indicates that the particle
size decreases with increasing pH value.

The autocorrelation functions are modeled assuming a decay time distribution, G (τ), using
the REPES algorithm with PtR = 0.5 (details are given in chapter 3.1). Best fits to the
autocorrelation functions describe the data well (solid lines in Figures 9.3a and b) and yield
G (τ) as a function of the pH value shown in Figure 9.3c. As expected from the initial inspection
of the autocorrelation functions, two peaks are observed for pH < 3.4, while only a single,
broad peak is present for pH > 3.4. The peak associated to the slow decay (indicated by the
right arrow in Figure 9.3c) is on average constant below pH 4.2 and shifts to smaller decay
times with increasing pH values above. The fast decay (indicated by the left arrow in Figure
9.3c) shifts to smaller decay times with increasing pH value.

The hydrodynamic radii Rh,fast and Rh,slow associated with the fast and slow decay, respectively,
are calculated using the Stokes-Einstein equation. Representative Γ versus q2 plots are shown
in Figure C.1 which show linear, i.e. diffusive, behavior. The results are summarized in Figure
9.4a. At pH 5.0, Rh,slow = 171.2 ± 2.2 nm, which increases to Rh,slow ≈ 250 nm with decreasing
pH value. At pH 3.4, Rh,fast = 1.5 ± 0.1 nm which increases to Rh,fast = 13.1 ± 0.2 nm at
pH 1.6. For pH > 5.0, Rh,slow continuously decreases with increasing pH value and reaches
Rh,slow = 44.7 ± 1.8 nm at pH 8.2. Thus, the particles have a large range of sizes, covering
two orders of magnitude.

Due to the large differences in sizes, a first guess would be to assign the fast decay to single
polymer chains and the slow decay to micelles. This assignment is corroborated by the average
scattering intensity, Iscat, shown in Figure 9.4b. For pH < 3.4, Iscat is small. Since Iscat ∝ R6,
this indicates that the particles are indeed small and might be single chains. Furthermore, it
indicates that the fraction of larger particles (Rh,slow) is low. At pH 3.4, Iscat shows a sudden
increase which is indicative of micelle formation. Interestingly, Iscat increases continuously
with increasing pH value. Considering that Rh,slow decreases, a decrease in scattering intensity
would be expected. This indicates that the micelles become more compact, i.e., the scattering
contrast increases, or their number increases significantly.

To propose a structure for the micelles formed by MDV in aqueous solution based on the
measured hydrodynamic radii, the contour length and maximum radii of micelles formed by
MDV are calculated (Figure 9.4c). Using a monomer length of 0.25 nm (length of two C-C
bonds, which is the case for MMA, DMAEMA and 2VP), the contour length amounts to
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Figure 9.4.: (a) Hydrodynamic radii, Rh, associated with the slow and fast decays. (b) Average
recorded scattering intensity, Iscat, at a scattering angle of θ = 90° normalized to the laser power.
(c) Schematic illustration of the conformation of chains and maximum radius of micelles formed
by MDV in case of dangling ends, loops or double loops (from left to right).

L0 = 147 nm. Assuming the extreme case of fully stretched chains, the upper limit for the
micellar radius is therefore Rh < L0. In this case, one PMMA end block is in the micellar
core and the other forms a dangling end. If both PMMA end blocks are in the core, i.e., if
the PDMAEMA-b-P2VP-b-PDMAEMA midblocks form loops, Rh < L0/2 = 74 nm. Since
the P2VP block becomes hydrophobic at pH values larger than 5.0, the case of both PMMA
blocks and P2VP block residing in the same micellar core is also calculated, which leads to
Rh < L0,PDMAEMA/2+L0,P2VP/2 = 48 nm. At pH < 5.0, Rh,slow > L0, which indicates that large
aggregates or interconnected micelles are present. At pH > 5.0, core-shell micelles may exist
since Rh,slow < L0. The decrease in size with increasing pH is attributed to the hydrophobicity
of P2VP and the decrease of degree of ionization of PDMAEMA, which becomes less stretched.
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Furthermore, at high pH, the P2VP block might collapse into the micellar core. The value of
Rh,slow at pH 8.2 (44.7 nm) is below the calculated maximum size (48 nm).

The above proposed structures of the micelles are tested by performing complementary
SAXS measurements on 1 wt % solutions using the GANESHA instrument. Scattering curves
at pH values of 1.8, 5.6 and 7.2 are shown in Figure 9.5a, b and c, respectively. At pH 1.8,
the scattering intensity is low, and the curve features a broad shoulder at q ≈ 0.05 Å−1.
Furthermore, at low q, a weak intensity upturn is observed. The curve is modeled by the sum
of the Debye model (equation 3.32) and the Porod model (equation 3.33), as well as a constant
background term. The Porod exponent is kept fixed at a value of p = 3 in the fit since the
scattering at low q is too weak to determine it accurately. The best fit, shown with a solid red
line in Figure 9.5a, describes the scattering curve reasonably well. The radius of gyration, Rg,
of the dissolved polymer chains is determined as 3.2 ± 1.1 nm. Rg is significantly smaller than
Rh,fast at a similar pH value. It might be that with SAXS, only the hydrophobic PMMA end
groups of the single chains are resolved, since the protonated PDMAEMA and P2VP blocks
are fully dissolved in water and thus have a weak scattering contrast. However, the small value
of Rg, together with the absence of any significant scattering at larger length scales (smaller q

values), confirms that predominantly single chains are present in the solutions at very low pH
values.

Figure 9.5.: SAXS scattering curves measured on 1 wt % solutions in H2O at the given pH
values (open symbols). Solid red lines are best fits using the sum of the Debye chain model
(equation 3.32) and the Porod law (equation 3.33) at pH 1.8, only the Porod law at pH 5.6, and
the model of a core-shell micelle (equation 3.19) at pH 7.2.

At pH 5.6, scattering from single chains is absent, and the scattering curve features a
monotonous decrease of intensity with constant slope, following a power law (Figure 9.5b).
The scattering curve is well described by the Porod model (equation 3.33) as well as a constant
background. The Porod exponent is found to be p = 2, which indicates the presence of large
mass fractals. An example of such particles are micelles with a soft shell, which is the case for
micelles with long hydrophilic blocks and dangling ends. From the minimum q-value, qmin =
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0.008 Å−1, the radius of these aggregates is estimated to be at least 2π/qmin ≈ 80 nm, which
is in agreement with the value of Rh,slow in this pH range (∼120-170 nm, Figure 9.4).

At pH 7.2, a shoulder at q ≈ 0.02 Å−1 and an upturn of intensity at low q-values are present
in the scattering curve (Figure 9.5c). From the DLS data, it is expected that the particle size
decreases with increasing pH. This decrease in size is expected to shift the scattering intensity
towards larger q-values, which may be the reason of the observed shoulder. However, since, at
this pH value, the micelles are still relatively large (Rh,slow ≈ 60 nm at pH 7.2) compared to
the accessible q-range in the SAXS experiment, accurate model fits are difficult since not all
features of the model are within the accessed q-range. To illustrate this, the model given in
equation 3.19, which describes scattering from core-shell micelles, is adjusted by hand to give
a reasonable description of the scattering curve (details about the model are given in chapter
3.2). A core radius of Rc = 9 nm and a micellar radius of Rm = 40 nm are used. The radius of
gyration of the chains in the shell is Rg,shell = 6.8 nm and their fractal dimension is df = 2.0,
i.e., the same as the Porod exponent in the scattering curve at pH 5.6. The model features
two shoulders at q ≈ 0.002 Å−1 and q ≈ 0.02 Å−1, which are related to the micellar radius
and the core radius, respectively. The first shoulder describes the upturn of intensity in the
experimental scattering curve, while the second shoulder overlaps well with the shoulder in the
experiment. Due to the limited q-range in the experiment, no further steps are taken to get a
more precise fit. However, it can be concluded that, at this pH value, micelles are present in
the solution which have a size comparable to Rh,slow measured with DLS.

Following the consistent results of the DLS and SAXS measurements, the self-assembly
behavior of MDV in aqueous solution is proposed as shown in Figure 9.6. In regime I, MDV is
fully dissolved as single chains. The chains are stretched and both the PDMAEMA and the
P2VP blocks have a high degree of ionization. The strong electrostatic repulsion between the
charged blocks prevents aggregation of the hydrophobic PMMA blocks to form micelles. Few
large aggregates or clusters of interconnected micelles are also present. These are presumably
unstable and may originate from kinetically frozen aggregates formed at higher pH values (the
pH value before adjustment with HCl is between 5.1 and 5.4, see Figure 9.2a).

In regime II, the P2VP block becomes increasingly uncharged and hydrophobic, which
enhances the overall hydrophobicity of the polymer and promotes the formation of micelles
with PMMA cores. The PDMAEMA blocks remain charged and stretched, which prevents
backfolding and localization of the hydrophobic P2VP blocks in the micellar core. Initially,
at low pH values in this regime, dangling ends are formed due to the strong stretching of
PDMAEMA. However, with increasing pH value in this regime, the degree of ionization of
the PDMAEMA blocks decreases, i.e., they are less stretched, and the micellar size decreases.
This also enables the formation of PDMAEMA-P2VP-PDMAEMA midblock loops. The size
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Figure 9.6.: Schematic drawing of the proposed self-assembled structures of MDV in aqueous
solution at different pH values. Colors indicate PMMA (red), PDMAEMA (blue) and P2VP
(green). Filled circles indicate hydrophobic blocks. The structures are not drawn to scale.

distributions found with DLS are broad (Figure 9.3c), which indicates that dangling ends and
loops coexist.

In regime III, the PDMAEMA blocks are weakly charged or uncharged and have a high
flexibility. The formation of PDMAEMA double loops is favorable and the P2VP blocks are
part of the micellar core.

Thus, the self-assembly of MDV in aqueous solution depends strongly on the charge state.
Core-shell micelles are formed in regimes II and III, which have a broad range of structures. At
the lower pH range in regime II, dangling ends are predominantly present which lead to large
micellar sizes. As the pH is increased, the dangling ends transition to loops. Initially, one loop
is formed by the PDMAEMA-P2VP-PDMAEMA midblock, and the micellar size is roughly half
compared to the micelles with dangling ends. In regime III, both PDMAEMA blocks form loops
and the P2VP blocks are part of the micellar core. The micelles with double loops are compact
and have a size roughly four times smaller compared to the micelles with dangling ends.

9.4. Charge state of films

To investigate the chemical composition of MDV films and to clarify if the charge states
shown in Figure 9.1, which refer to aqueous solutions, can be transferred into films, FTIR
measurements on drop-cast films are performed. The pH values during film preparation are 3.9
(regime I), 5.1, 6.1 and 7.2 (regime II) and 8.3 (regime III). The obtained absorbance spectra
are shown in Figure 9.7 for a broad range of wavenumbers. The spectra are normalized by the
amplitude of the strong C=O peak at ∼1729 cm−1 to account for thickness variations of the
drop-cast films. The C=O peak is chosen since it has a clear signal, due to its presence in
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both the PMMA blocks and the PDMAEMA blocks, and is independent of the pH value [301].
The spectra are rather complex, owing to the multiple blocks and functional groups in the
system, especially in the fingerprint region at wavenumbers smaller than 2000 cm−1. However,
differences in the spectra are clearly seen in the wavenumber regions 3600 to 3100 cm−1, where
the absorbance increases with decreasing pH value, and 2900 to 2300 cm−1, where several
peaks appear at lower pH values. The latter show a strong increase in absorbance between pH
values 8.3 and 7.2, and between 5.1 and 3.9.

Figure 9.7.: Normalized FTIR spectra of MDV films drop-cast from aqueous solutions at the
given pH values.

To analyze to spectra in more detail, two enlarged wavenumber ranges are considered in
the following. The range from 3700 to 2200 cm−1 is shown in Figure 9.8, and the range from
1800 to 1400 cm−1 is shown in Figure 9.9. The spectra are shifted vertically for clarity.

The broad peak from 3600 to 3100 cm−1 is attributed to O-H stretching vibrations from
water molecules absorbed by the films from ambient air [302]. The N-H stretching vibrations,
which are present in protonated PDMAEMA and P2VP, also fall in this region [303]. It is,
however, difficult to distinguish the contribution from each peak and determine their relative
contribution in this wavenumber range. The increase of absorbance with decreasing pH value
is explained by a higher number of N-H bonds and enhanced water uptake of the films. In both
cases, this is a first indication of protonation of PDMAEMA and/or P2VP.

The peaks at ∼3065, ∼3005 and ∼2945 cm−1 are assigned to C-H stretching vibrations of
aromatic, CH3 and CH2 groups. At ∼2860, ∼2820 and ∼2770 cm−1, three peaks are found at
pH 8.3, which decrease in magnitude at pH 7.2 and vanish at lower pH values. These peaks
are attributed to N-(CH3)2 stretching vibrations in the tertiary amine group of PDMAEMA
[134, 304]. Their absence at low pH value may be due to protonation of this group which
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Figure 9.8.: Zoom in the wavenumber range 3700 to 2200 cm−1 of the spectra shown in Figure
9.7. The curves are shifted upwards by multiples of 0.3 for clarity. The pH values are given on
the right. The positions of characteristic peaks are indicated by dotted lines.

suppresses the stretching vibrations. To confirm the peak assignment, FTIR measurements
of PDMAEMA homopolymer films drop-cast from pH 1.7, 5.9 and 9.3 are performed. The
spectra are shown in Figure C.2. Indeed, the three peaks at ∼2860, ∼2820 and ∼2770 cm−1

are clearly visible in the spectra of the homopolymer films at pH 9.3, but are absent at the
lower pH values. Therefore, these three peaks confirm the protonation of PDMAEMA.

Between 2700 and 2300 cm−1, a set of peaks are observed which increase in magnitude with
decreasing pH. They are a strong indication of the presence of a tertiary amine salt, which is
formed by PDMAEMA [305]. The magnitude of these peaks increases strongly from pH 8.3 to
pH 7.2, i.e., around the pKa of PDMAEMA. From pH 7.2 to pH 5.1, the increase in magnitude
is small, which is due to PDMAEMA being almost fully protonated. The same behavior is
observed in the PDMAEMA homopolymer films (Figure C.2).

At pH 3.9, a broad peak between 2900 and 2400 cm−1 overlaps with the peaks described
above. The existence of the broad peak is clearly seen in the unshifted spectra in Figure 9.7.
It is attributed to the formation of pyridine hydrochloride in the reaction of P2VP with HCl,
which is also seen in the reference spectra shown in Figure C.4.

At ∼1639 cm−1 a broad, weak peak increases slightly with decreasing pH. It is attributed to
the bending vibration of water molecules, which confirms that water is absorbed by the films
[306]. The peak is also present in the spectra of the PDMAEMA homopolymer at low pH
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values, which indicates that the enhanced water solubility of PDMAEMA is one reason for the
absorption of water (Figure C.3).

Figure 9.9.: Zoom in the wavenumber range 1800 to 1400 cm−1 of the spectra shown in Figure
9.7. The curves are shifted upwards by multiples of 0.3 for clarity. The pH values are given on
the right. The positions of characteristic peaks are indicated by dotted lines.

At ∼1621 cm−1 and ∼1540 cm−1, two peaks appear at pH 5.1 and pH 3.9. Oppositely, at
∼1594, ∼1570 and ∼1434 cm−1, three peaks which are present at high pH values decrease in
magnitude. These peaks are attributed to pyridine hydrochloride, i.e., P2VP protonated by
HCl, and free pyridine [307, 308]. Similar peaks are observed in the reference spectra in Figure
C.5.

Peaks at ∼1488, ∼1474 and ∼1453 cm−1 are attributed to PDMAEMA, since they are
prominently present in the homopolymer spectra (Figure C.3). However, these peaks show no
significant changes with the pH value.

In summary, the following charge states of MDV films prepared from different pH values
are found: At pH values of 8.3 and 7.2, both PDMAEMA and P2VP are partially charged
and fully uncharged, respectively. Between pH 7.2 and pH 5.1, PDMAEMA becomes fully
charged while P2VP remains uncharged. At pH 3.9, both PDMAEMA and P2VP are fully
charged. In particular, the formation of tertiary amine and pyridine salts, i.e., complexation
of the charged groups with counterions is observed. Therefore, the charge states of MDV in
films as a function of the pH value during film preparation are similar to the ones in aqueous
solution shown in Figure 9.1.
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9.5. Surface morphology of thin films

After confirming the existence of the three charge states with FTIR, AFM measurements are
performed on spin-coated thin films to observe the surface morphology. The pH values during
film preparation are 1.8 and 3.9 (regime I), 5.1, 6.1 and 7.2 (regime II) and 8.3 (regime III).
The height images of all films are shown in Figure 9.10. For the films prepared from pH 1.8 and
3.9, the surface is rather homogeneous, i.e., no microphase separated morphology is identified.
For the film prepared from pH 5.1, a dot-like morphology is found, which is tentatively assigned
to standing cylinders. While the cylinders have a characteristic size and distance, no long-range
order is present, i.e., the nanostructure is weakly ordered. The films prepared from pH 6.1 and
7.2 show a similar morphology. However, the dots become more pronounced with increasing
pH, which indicates that the cylinders protrude more and more from the film surface. For the
film prepared from pH 8.3, the radius and distance of the dots has increased compared to
pH 6.1 and 7.2, and their protrusion height is higher (note the enlarged coloar scale of the
AFM height image at pH 8.3 compared to the other pH values). Additionally, at pH 8.3, large
aggregates are present on the film surface, which appear as large, bright spots in the AFM
height image.

Figure 9.10.: AFM height images of films prepared from different pH values. The color scale is
given on the right of each image.

For a more quantitative characterization, several height profiles are taken for each image and
analyzed by hand, focusing on the distance between dots and their height. The height profiles
are summarized in Figures C.6,C.7 and C.8. The cylinder-cylinder distance is defined as the
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distance between peaks, and the cylinder height is defined as the height difference between a
peak and a valley in the height profiles. The resulting average distances and heights of the
cylinders are shown in Figure 9.11. Standard deviations of the several height profiles are given
as errors. At pH 1.8 and 3.9, the height profiles are nearly flat and do not show indications of
a nanostructure. At pH 5.1, small modulations with an average distance of ∼35 nm and a
height of ∼0.5 nm are observed. The distance decreases to ∼29 nm at pH 6.1 and 7.2, while
the height increases to ∼0.7 nm. At pH 8.3, the distance increases to ∼38 nm and the height
to ∼2 nm. The large aggregates have a radius of approximately 30 nm and a height of 20 - 25
nm (Figure C.8.).

Figure 9.11.: Average cylinder-cylinder distance (a) and cylinder height (b) determined from
the AFM height images in Figure 9.10 as a function of the pH value during film preparation.

The behavior of the cylinder-cylinder distance and height therefore represents three regimes
which roughly correlate with the regimes of the charge states in Figure 9.1. In regime I (pH
< 5.0), no microphase separation is observed and the films are disordered. In regime II (5.0
< pH < 7.5), a dot-like surface morphology is found which are presumably cylinders. The
cylinder-cylinder distance decreases and the protrusion height increases slightly with increasing
pH in this regime. In regime III (pH > 7.5), the cylinder-cylinder distance increases and the
protrusion height is significantly larger compared to regime II. Additionally, large aggregates
are present in regime III.

9.6. Inner morphology of the thin films

Since AFM probes only the surface morphology of films, GISAXS experiments are performed to
gain insight about the inner morphology of the films. Additionally, GISAXS allows to determine
the structural parameters with much higher statistical relevance compared to AFM due to the
large footprint of the X-ray beam, covering the whole sample. The experiments are performed
at the SAXS beamline at the synchrotron ELETTRA. Details about the experimental setup are
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given in chapter 3.3. Thin films are prepared from pH 2.1, 4.1, 4.8, 5.2, 5.9, 7.1 and 8.2, as
well as one from a methanol solution. Methanol is chosen since it reflects the charge state of
fully uncharged PDMAEMA and P2VP. This state cannot be reached with aqueous solutions
since the polymer becomes insoluble in water at high pH values. The measured 2D GISAXS
patterns are shown in Figure 9.12 (qy > 0). Best matching simulations, which are discussed
below, are shown as well (qy < 0).

Figure 9.12.: 2D GISAXS patterns from the experiment (qy > 0) and the simulation (qy < 0
) of films prepared from aqueous solutions of different pH values and from methanol. Incident
angles of αi = 0.17 - 0.19° are used. The exposure time is 3.0 s. The GISAXS setup for the
film prepared at pH 2.1 is slightly different compared to the one given in chapter 3.3 in that a
sample-to-detector distance of 1668 mm is used. The position of a typical horizontal line cut for
fitting is indicated with a red box in the pattern at pH 2.1. The position of the specular peak is
indicated with a red cross on top of the beam stop. Orange arrows indicate positions of Yoneda
band (Y), main Bragg peak (B), scattering rod (R) and additional scattering peaks (P). The
scale bar at the bottom gives the logarithmic color scale.

All 2D patterns feature strong scattering at qy = 0, which is due to surface roughness
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scattering from the film and the substrate, and the specular reflected beam (marked with red
crosses in Figure 9.12). Due to the finite beam size, the specular peak is not fully covered by
the beam stop. Weak diffuse scattering is present as well. Its origin is explained in chapter
6. At qz ≈ 0.3 nm−1, the Yoneda band is located (marked Y in Figure 9.12), i.e., enhanced
intensity between the critical angles of the polymer film (αc,film ≈ 0.170°) and the Si substrate
(αc,Si ≈ 0.225). At pH 2.1, no additional features are present in the 2D pattern, i.e., no
indication of a nanostructure inside the polymer film is found. At pH 4.1, a weak Bragg peak
is visible at qy ≈ 0.18 nm−1 (marked B in Figure 9.12), which is an indication of microphase
spearation with a characteristic repeat distance of D = 2π/qy ≈ 35 nm. At pH 4.8, in addition
to the Bragg peak, a Bragg rod (marked R in Figure 9.12) extends along qz and is slightly bent
inwards (towards qy = 0). This rod is indicative of a vertical alignment of the nanostructure,
which is assumed to be cylinders [309, 310]. Up to pH 7.1, these features remain, and the
qy position of the Bragg peak increases to qy ≈ 0.30 nm−1, which corresponds to a repeat
distance of D ≈ 21 nm. At pH 7.1 and 8.2, two additional features appear: strong scattering
at small qy values especially near the specular peak, which also leads to an apparent broadening
of the surface roughness scattering at qy = 0, and an additional scattering peak below the
specular reflected beam position at qz ≈ 0.2 nm−1 (marked P in Figure 9.12). Due to the
small qy values, they likely originate from large scattering objects, for example from aggregates.
The 2D scattering pattern of the film prepared from methanol is similar to the one at pH 5.2.

Based on these observations and the AFM results, a cylindrical morphology is chosen to
simulate the 2D GISAXS patterns. The procedure outlined in chapter 6 is followed to perform
the simulations. A schematic drawing of the simulation setup is shown in Figure 9.13a. Standing
cylinders with a radius of Rpro and small height Hpro are positioned on top of a film to model
the protrusions observed in the AFM height images. The protrusions are distributed laterally
according to the structure factor of a radial paracrystal with an average distance Dpro and a
Gaussian probability distribution function with half-width wpro. Similarly, larger cylinders with
radius Ragg and height Hagg on top of the film model the aggregates observed in regime III.
These are assumed to be uncorrelated. The inner structure of the polymer film is modeled
by standing cylinders with radius Rcyl and height Hcyl which are placed at five evenly spaced
depth inside the film. They are distributed laterally according to the structure factor of a radial
paracrystal with an average distance Dcyl and a Gaussian probability distribution function with
a half-width wcyl. The structural parameters of the protrusions and the cylinders inside the
film are assumed to be uncorrelated, since the surface structure and bulk structure of the
films might be different. Both the radius and the height of all three type of cylinders are size
distributed according to a Gaussian distribution function with relative width σH/H = σR/R =

0.2.
Horizontal line cuts at the Yoneda band (line cut IIa in Figure 6.9) of the experimental 2D
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Figure 9.13.: (a) Setup of the GISAXS simulations: cylindrical protrusions of small height (∼1
nm) and large aggregates (also cylindrical) are positioned on top of a film. Inside the film,
standing cylinders of larger height (∼10 nm) are positioned. (b) Horizontal line cuts at the
Yoneda band (line cut IIa in Figure 6.9) and (c) vertical line cuts at the position of the Bragg
peak (similar to line cut IIb in Figure 6.9) from the 2D GISAXS patterns shown in Figure 9.12
at the given pH values and methanol. Open symbols: experiment. Solid red lines: results from
simulations. For clarity, the data are shifted vertically, and only every third data point is shown.
The change of position of the Bragg peak (B) is indicated with a green dashed arrow in (b). The
appearance of a scattering peak (P) below the specular peak at high pH values is indicated with
green arrows, and the Yoneda band (Y) with purple dashed lines in (c). Additional line cuts are
shown in Figure C.9.
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scattering patterns (open symbols) and best fit simulations (solid red lines) are shown in Figure
9.13. Similarly, vertical line cuts at the position of the Bragg peak (line cut IIb in Figure 6.9)
are shown in Figure 9.13. For pH 2.1, where no Bragg peak is present, a position comparable
to the other patterns is chosen. First, the experimental line cuts are discussed.

At pH 2.1, no Bragg peak is visible in the horizontal cut, as expected from the qualitative
inspection of the 2D pattern. Additionally, the intensity in the Yoneda band is low in the vertical
cut, which further hints at the absence of a nanostructure, which would lead to enhanced
intensity in this region. Starting at pH 4.1, a weak Bragg peak appears in the horizontal line
cuts which becomes more pronounced with increasing pH value and shifts to larger qy values
until pH 7.1 (indicated with a green dashed arrow in Figure 9.13b). In the vertical cuts, the
intensity in the Yoneda band increases with increasing pH value. At pH 7.1 and pH 8.2, the
Bragg peak is rather broad and, at pH 8.2, shifts to smaller qy values. In the vertical cuts, the
additional scattering peak (P) observed in the 2D patterns is clearly visible at qz ≈ 0.2 nm−1.
For MeOH, also the line cuts show similar behavior to pH 5.2.

The question arises how the three structures in the model, i.e., the protrusions, the aggregates
and the innner structures, contribute to the scattering pattern. The protrusions have a small
height, in the range of a few nanometers. Furthermore, since they are located at the film
surface, the correlation is purely lateral. Their scattering contribution is expected to have the
form of long vertical rods, longer than the Bragg rods seen in Figure 9.12 (see Figure 6.12b for
an example of a 2D scattering pattern of a structure factor describing the case of purely lateral
correlation). However, no vertical rods are found in the experimental 2D scattering patterns
(Figure 9.12). Presumably, this is due to the weak order and small height of the protrusions
(small scattering volume), which result in a low scattering intensity. The rods are clearly seen
in the scattering pattern of the film prepared at pH 5.9 after solvent vapor annealing with
methanol and fast solvent removal (Figure C.10). The fast solvent removal promotes the
formation of protrusions with larger height, which therefore have a higher scattering volume and
scattering intensity. Therefore, the protrusions indeed appear as vertical rods in the scattering
patterns, but their intensity is weak for smaller protrusions heights. Only in the scattering
pattern at pH 8.2 they might be present at small qy values, which would explain the apparent
broadening of the surface roughness scattering.

To test this, and to identify contributions of the aggregates and the inner structure, the
experimental scattering pattern of the film prepared at pH 8.2 is compared to simulations
with different setups in Figure C.11. The setups are: a homogeneous film (i); a film with
protrusions (ii); a film with protrusions and aggregates (iii); a film with protrusions, aggregates
and inner structure (iv). The comparison is done by inspections of the residual pattern and by
characteristic line cuts shown in Figure C.12.

Using the homogeneous film setup (i), the Bragg peak (marked B in Figure C.12a), the
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additional scattering peak below the specular peak (marked P in Figure C.12b) and the apparent
scattering rods (marked R in Figure C.12c) cannot be described.

By addition of the protrusions in setup (ii), the scattering rods are modeled correctly.
However, they do not describe the Bragg peak and the additional scattering peak. The reason
is that their contribution to the scattering pattern around the specular beam position is small.
This is seen in Figures C.10c and d, which show line cuts of scattering patterns simulated with
several protrusion heights.

In the next step, the aggregates are included in setup (iii). They have a large radius (30
nm) and height (25 nm), which is based on the AFM measurements (Figure C.8). With
the aggregates, it is possible to describe the additional scattering peak well (Figure C.12b).
Additionally, the scattering at qy = 0 broadens, which gives a better description of the
experimental data as well (Figure C.12c). Still, the Bragg peak is not sufficiently modeled.

In the last step, the inner structure, modeled by cylinders with larger height compared to
the protrusions, is added in (iv). With these, the Bragg peak is described well (Figure C.12a)
and an overall good fitting simulation is achieved.

Therefore, it is shown that the three structural components have representative contributions
to the scattering patterns in the form of vertical rods (protrusions), an additional scattering
peak below the specular peak (aggregates) and the Bragg peak (inner structure).

Based on these assignments, fits are performed. To prevent unstable fits, the contributions
of the protrusions and the aggregates are adjusted by hand based on the AFM results. The
structural parameters of the cylinders modeling the inner structure, excluding their height, are
fit using a least-square algorithm. The height is adjusted to best describe the shape of the
Bragg rods (R in Figure 9.12). Best-fit simulations model the experimental scattering patterns
in great detail (Figure 9.12) and describe all features in the characteristic line cuts (Figures
9.13b and c and C.9). The structural parameters of the simulations are summarized in Table
9.2.

The aggregates are present in the films prepared at pH 7.1 and 8.2, and have a radius of
Ragg ≈ 30 nm and a height of Hagg ≈ 25 nm. These values agree well with the AFM results
at pH 8.2 (Figure C.8). It is interesting to note that the GISAXS results confirm the presence
of aggregates at pH 7.1, while they are absent in the AFM image at pH 7.2 (Figure 9.10).
This is likely due to the small area of the film that is probed with AFM, while with GISAXS, a
much larger area is probed.

Protrusions are present at pH 5.9, 7.1 and pH 8.2, which have a height of ∼0.8, ∼1.0 and
∼2.5 nm, respectively. They might be present at lower pH values or for the film prepared from
methanol, but their scattering volume is assumed to be too small to give sufficient scattering
intensity. The pH dependence of the protrusion height is in agreement with the AFM results
(Figure 9.11b). At pH 5.9 and 7.1, the radius of the protrusions is set to ∼6 nm, and the
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pH Rcyl Hcyl
a Dcyl wcyl Rpro

a Hpro
a Dpro

a wpro
a Ragg

a Hagg
a

2.1 – – – – – – – – – –
4.1 10.7± 4.2 10.0 34.3± 4.8 8.4± 2.8 – – – – – –
4.8 9.5± 0.7 10.0 34.8± 1.2 8.6± 0.8 – – – – – –
5.2 9.0± 0.4 10.0 30.1± 0.5 6.5± 0.4 – – – – – –
5.9 5.6± 0.2 10.0 22.7± 0.4 5.2± 0.3 6.0 0.8 25.0 5.0 – –
7.1 6.1± 0.5 10.0 19.5± 1.0 5.3± 0.5 6.0 1.0 20.0 5.0 30.0 25.0
8.2 8.0± 1.4 10.0 25.0± 1.5 5.6± 1.3 8.0 2.5 40.0 30.0 30.0 25.0

Table 9.2.: Structural parameters of films extracted from the 2D GISAXS simulations. All values
are given in nanometers. aParameter adjusted by hand to best describe the experimental data,
but not part of the fitting routine.

distance to ∼25 and ∼20 nm, respectively. However, due to the small scattering volume, their
contribution to the scattering pattern is too weak for an accurate determination. At pH 8.2,
the contribution is more prominent and values of Rpro and Dpro are determined to be ∼8 nm
and ∼40 nm, respectively. The higher value of Dpro compared to the other pH values agrees
with the AFM results.

The radius and distance of the cylinders describing the inner structure of the films are
summarized in Figure 9.14. At low pH values, the films are disordered and have no inner
structure. At pH 4.1, Rcyl and Dcyl are ∼10.7 nm and ∼34.3 nm, respectively. With increasing
pH value, they decrease to ∼6.1 nm and ∼19.6 nm, respectively, at pH 7.1. At pH 8.2, Rcyl

and Dcyl increase to ∼8.0 nm and ∼25.0 nm, respectively, which increase further to ∼10.5 nm
and ∼35.1 nm, respectively, for the film prepared from methanol solution. A height of 10 nm
is found to best describe the Bragg rods present in the experimental scattering patterns. The
slight inwards bend of the rods indicates that the cylinders in the films are not fully vertical,
but some sections of the cylinders are tilted. Therefore, the value of 10 nm is expected to
represent the average length of the vertical sections of the cylinders.

The behavior of Rcyl and Dcyl can be separated into three regimes, which roughly correlate
with the regimes of the charge states in Figure 9.1. In regime I, the films are disordered (pH <

4) or microphase separated with very weak order (pH < 5). In regimes II and III, the films
are microphase separated and feature a morphology of cylinders which are mostly oriented
vertically. The structure sizes decrease with increasing pH value in regime II, and increase in
regime III. This behavior is consistent with the AFM results (Figure 9.11a).

The proposed microphase separated structures of MDV in thin films are shown in Figure
9.15. In regime I, no microphase separation is found, i.e., the films are disordered. Presumably,
this is due to the high degree of ionization of both P2VP and PDMAEMA, which promotes
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Figure 9.14.: Selected fit parameters of fits to the out-of-plane line cuts shown in Figures 9.13a
and b: (a) Radius of cylinders inside polymer film, Rcyl. (b) Cylinder-cylinder distance, Dcyl.

mixing to increase the counterion entropy. At the lower pH range in regime II, cylinders are
formed by the PMMA end blocks, while the matrix is a mixture of PDMAEMA and P2VP
blocks. The mixing is enabled by the partial ionization of the P2VP blocks, which promotes
counterion solubilization in both the P2VP and the PDMAEMA blocks. At the higher pH
range in regime II, cylinders are formed by both the PMMA and the P2VP blocks. In this pH
range, the P2VP blocks are fully uncharged and have a high segregation strength with the
charged PDMAEMA matrix. The phase separation of the end blocks and the central block
in a charged matrix is similar to the one observed in TDE films in chapter 8.3. The distance
between cylinders is almost half compared to the lower pH range in regime II, since the distance
is given by one PDMAEMA block as opposed to the entire PDMAEMA-b-P2VP-b-PDMAEMA
midblock. The cylinders formed by PMMA and P2VP cannot be distinguished with GISAXS,
since their refractive indices are similar (δPMMA = 4.1; δP2V P = 4.0).

In regime III, the increase of cylinder radius and distance may be explained in two ways.
The first is that the PMMA and P2VP blocks mix and collectively phase separate from the
PDMAEMA blocks. The second one is that the P2VP blocks again mix with the PDMAEMA
blocks, which is enabled by the low degree of ionization of the PDMAEMA blocks.

An aspect not considered so far is the high glass transition temperature of PMMA and P2VP
(both are ∼100 °C). It is expected to reduce the mobility of MDV in the bulk significantly
and lead to non-equilibrium structures, which might dependent on the kinetics during film
preparation and on the solution state. In fact, the structures shown in Figure 9.15 resemble the
ones in solution (Figure 9.6). However, in solution, spherical micelles are present, while in the
thin films, standing cylinders are formed. Therefore, the solution state is not fully replicated,
but may have influenced the structure formation during spin-coating.

The high glass transition temperatures also explain the presence of protrusions and aggregates.
The protrusions are formed since the cylinder-forming blocks become glassy during spin-coating,
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Figure 9.15.: Top view of the proposed microphase separated structures in MDV thin films
depending on the charge state. Colors indicate PMMA (red), PDMAEMA (blue) and P2VP
(green). The cylindrical domains and their distance are drawn to scale. Ionized PDMAEMA and
P2VP blocks are indicated with charge symbols. Counterions are present in the films with ionized
PDMAEMA or P2VP, but are not explicitly drawn for clarity.

while the PDMAEMA continues to collapse. The effect is enhanced at high pH values, where
P2VP is fully uncharged and strongly hydrophobic, and therefore becomes glassy at earlier
times during spin-coating. For the same reason, aggregates are present at high pH values. In
the film prepared from a methanol solution, these are absent since methanol is a good solvent
for P2VP and ensures its mobility.

In future experiments, equilibration of the film structure may be enabled by means of solvent
vapor annealing or thermal annealing. These experiments will show to what extent the solution
state during film preparation influences the thin film morphology.

9.7. Conclusions

The self-assembly of a pentablock terpolymer with pH-responsive polyelectrolyte blocks having
different dissociation constants is investigated in solution and in thin films. The focus is on the
influence of the charge state of the blocks on the self-assembled structures.

In solution, the polymer is fully dissolved at low pH values (regime I). This is presumably
due to the high degree of ionization of both the PDMAEMA and the P2VP blocks, which
prevents aggregation of the hydrophobic PMMA end blocks. In regime II, where P2VP is
partially charged or uncharged, micelles with PMMA cores are formed. At the lower pH values
in this regime, the micelles have dangling ends since the fully charged PDMAEMA blocks and
partially charged P2VP blocks prevent loop formation. As the pH is increased, the degree of
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ionization of the P2VP blocks decreases and loop formation is enabled. The P2VP blocks also
become hydrophobic, but cannot join the micellar core because the charged PDMAEMA blocks
are rather stretched. In regime III, the uncharged PDMAEMA blocks are more flexible and
the P2VP blocks enter the micellar core, which is accompanied by a double PDMAEMA loop
formation per chain. Therefore, the structures of micelles formed by these type of polymers
are widely tunable, ranging from star-like micelles (dangling ends) to flower-like micelles and
micelles with double loops. The sizes of these micelles are different by a factor of 3-4 and are
in the range of ∼40 - 130 nm.

With FTIR measurements, it is shown that the charge state in solution, which is adjusted
by variation of the pH value, can be directly transferred into thin films. Therefore, block
copolymers with blocks from multiple weak polyelectrolytes allow to tune the charge state of
films by adjusting the pH value during film preparation. It requires water as a solvent, i.e., it is
limited to water-soluble polymers. This method of preparation of charged block copolymer
films is more versatile and straight forward than methods focusing on ionization of blocks
during the polymer synthesis, e.g. by sulfonation of blocks.

In thin films, MDV is disordered in regime I and assumes a cylindrical morphology in regimes
II and III. The cylinders predominantly have a vertical orientation and are presumably formed
by PMMA and/or P2VP which reside in a PDMAEMA matrix. The radius and distance of the
cylinders depends strongly on the charge state and varies between ∼6 to 10 nm and ∼35 to 20
nm, respectively. The difference in size is proposed to originate from a different arrangement
of the blocks. P2VP and PDMAEMA mix if both are charged, but phase separate if only one
block is charged. Therefore, by variation of the charge state, the structure size in charged
pentablock terpolymer thin films can be tuned. Due to the strong segregation strength between
charged and uncharged blocks, it is expected that, by lowering the degree of polymerization of
MDV, thin films with tunable feature sizes in the sub-10 nm range can be achieved, which is
potentially interesting for applications in patterning or as membranes.





10. Conclusion and outlook

Multi-responsive polymers and multiblock copolymers are novel polymer architectures which
allow a high level of control of the self-assembly and functionality of polymer based materials.
This, however, comes along with an immense expansion of the parameter space and complexity
of the materials. In this work, the self-assembly of two multi-responsive multiblock copolymers
is investigated, with a focus on the structural properties of the morphologies formed during the
self-assembly process. The results contribute to the understanding of such complex systems
and provide a context for future studies.

The work is composed of a methodological part and an experimental part. In the method-
ological part, a setup is designed to perform in situ SVS/SVA experiments, and a method
is developed to calculate 2D GISAXS patterns obtained during the in situ experiments. The
calculated patterns aid in the analysis of the GISAXS data and allow to extract the morphology
and structural parameters. In the experimental part, the methodological aspects are applied
to study the self-assembly of two exemplary multi-responsive multiblock copolymers. The
two BCPs are symmetric pentablock copolymers which feature three (terpolymer) or four
(quaterpolymer) distinct monomer species.

The SVS/SVA setup, which is outlined in chapter 5, allows to control the solvent vapor
atmosphere and temperature in the sample compartment efficiently. It is equipped with a
spectral reflectometer and Kapton windows which enable simultaneous in situ film thickness
monitoring and in situ GISAXS measurements. The setup is lightweight and small, which makes
it ideal for installation at synchrotron beamlines. Furthermore, the small size guarantees fast
response times, allowing in situ experiments to be performed in less time, which is particularly
valuable during synchrotron beamtimes, where time is limited. Vapors of one or two solvents
can be used independently or as mixtures, and the vapor pressure can be controlled precisely.
The temperature of both the sample compartment and the solvent bubblers is controlled by an
external water bath, and can be adjusted between approximately 10 °C and 60 °C. The setup has
been tested successfully during a beamtime at the SAXS beamline at the ELETTRA synchrotron.
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GISAXS is a powerful tool to investigate the morphology of BCP thin films. However, the
structural information is often difficult to extract from the abstract 2D scattering patterns and
requires a time intensive analysis. This is particularly true for weakly ordered and complex
morphologies, such as those formed by multiblock copolymers. To improve the analysis and
interpretation of GISAXS data obtained from these systems, a strategy to calculate and fit 2D
GISAXS patterns of polymer films is developed in chapter 6. The calculations explicitly account
for scattering from the potential background and from surface roughness. The nanostructure
is modeled by particles on top of the film or as buried particles, which are correlated or
uncorrelated. This way, the particle shape and lateral order, as well as their location (inside or
on top of the film) can be identified which allows to distinguish different morphologies. To fit
the calculated patterns to the experimental patterns, a procedure is proposed which divides the
scattering patterns into several regions that are fitted independently to the various scattering
contributions. The procedure is a first step to streamline GISAXS calculations for automated
data analysis. In this work, the strategy is applied to in situ GISAXS data obtained from two
different beamlines and from various morphologies, including spherical and cylindrical morpholo-
gies, which highlights its robustness and range of application. It suggests that GISAXS data
from many more experimental setups or sample morphologies can be analyzed with this strategy.

The investigated pentablock quaterpolymer TDE has pH-responsive PDMAEMA blocks
and thermoresponsive P(nBuMA-co-TEGMA) end blocks. It was designed for applications
as a tunable hydrogel. To improve the understanding of the multi-responsive behavior and
structural properties of TDE, dilute aqueous solutions are investigated in chapter 7. Spherical
micelles are formed with a hydrophobic core of P(nBuMA-co-TEGMA) which is surrounded
by a shell of the hydrophilic PDMAEMA and PEG midblocks. The size, aggregation number
and midblock conformation (loops or dangling ends) is found to depend strongly on the pH
value and on temperature. At low pH values, where the PDMAEMA blocks are protonated,
smaller aggregation numbers and larger micellar radii are favored compared to high pH values.
Additionally, the fraction of dangling ends is larger in the protonated state. Similarly, high
temperatures favor larger aggregation numbers compared to low temperatures. Furthermore,
at high temperatures, danglings ends are generally unstable and transform into loops. However,
the tendency to form loops at high temperatures is counteracted by the tendency to form
dangling ends at low pH values. Therefore, the structural properties of the multi-responsive
pentablock quaterpolymer are a delicate balance between the different responses to a change in
pH value or temperature of the solution. The structural investigation on the nanometer scale,
i.e., on the lengthscale of single micelles, may help to understand the macroscopic properties
and response to external stimuli of hydrogels formed by these types of polymers.

In addition to the intriguing solution properties, TDE is also investigated at higher polymer
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concentrations. For that purpose, TDE thin films are investigated in chapter 8 in the dry state
(φp = 1.0) and in the solvent swollen state (φp = 0.5 - 1.0). Furthermore, films are prepared
from different pH values, which allows to tune the degree of ionization of the PDMAEMA
blocks in the films. Dry films with weakly charged or uncharged PDMAEMA are disordered,
i.e., the segregation strength of the blocks is low. In dry films with fully charged PDMAEMA,
microphase separation is observed, which results in a spherical morphology, consisting of larger
spheres formed by the P(nBuMA-co-TEGMA) end blocks and smaller spheres formed be the
PEG central blocks. This is attributed to an enhancement of the segregation strength between
these blocks and the PDMAEMA blocks due to electrostatic interactions. By comparing the
effects of water and toluene, which represent polar and non-polar solvents, respectively, it is
shown that the polar solvent, even though it is a selective solvent, promotes mixing of the
blocks. On the other hand, the non-polar solvent, which is also a selective solvent, stabilizes
the microphase separated morphology and even induces phase separation in the films with
weakly charged PDMAEMA. The reason is that the polar solvent weakens the strength of
electrostatic interactions, while in non-polar solvents, they are constant or even enhanced.
Therefore, electrostatic interactions are a powerful way to enhance the segregation strength
in multiblock copolymer films, and are easily implemented by using weak polyelectrolytes as
blocks and adjusting the pH during film preparation.

Regarding the effect of temperature, it is found that the segregation strength generally
decreases with increasing temperature. However, due to the thermoresponsiveness of the
end blocks, the selectivity of water increases with temperature. This may be used to design
sophisticated annealing protocols, such as the one shown in Figure 4.7.

The effect of electrostatic interactions, which were found to be an important contribution
to the self-assembly behavior of TDE, are the focus of the investigation of the pentablock
terpolymer MDV. It has two pH-responsive midblocks, PDMAEMA and P2VP, with different
dissociation constants, which give control over the charge state of the polymer. The effect of
the charge state on the self-assembly behavior in dilute solution and in dry polymer films is
investigated in chapter 9. In dilute aqueous solution, MDV is fully dissolved when both blocks
are charged. When only PDMAEMA is charged, large micelles are formed. When both blocks
are uncharged, small micelles are formed, which are almost four times smaller than the larger
ones. Intermediate micellar sizes are achieved by tuning the degree of ionization of the blocks
carefully. Therefore, by adjusting the pH value, it is possible to control the sizes of the micelles
over a large range.

It is shown that the charge state can be transferred directly into thin films by adjusting
the pH value during film preparation, which allows to investigate the effect of electrostatic
interactions on the film morphology. In particular, charge fraction and charge distribution in
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the pentablock terpolymer can be varied. Films are disordered when both blocks are charged,
which suggests that the segregation strength is low. This is presumably due to the abundance
of charges and the importance of counterion entropy. By reducing the charge fraction of the
P2VP midblock, a cylindrical morphology is formed. The cylinders are preferentially oriented
vertical to the film, and have a size and distance which varies also with the charge fraction
of the intermediate PDMAEMA blocks. Therefore, by varying the charge state in multiblock
copolymers, which, for example, is achieved by using two polyelectrolyte blocks with different
dissociation constants, the sizes of self-assembled morphologies can be tuned.

In the future, it is expected that multi-responsive multiblock copolymers are the basis of
an increasingly large number of applications and material designs. To deal with the immense
parameter space, large numbers of experimental studies, which include both the performance
of the experiments and the data analysis process, are needed. The methods and procedures
developed in this work may serve as a guideline for future studies on thin films: The design
of the SVS/SVA setup in chapter 5 and the strategy to analyze GISAXS data in chapter 6
can be used to efficiently perform in-situ structural characterizations under various conditions,
including temperature variations and solvent vapor atmosphere control. The method to prepare
films, which is based on polyelectrolyte blocks and a variation of the pH value during film
preparation, allows to tune the electrostatic interactions in block copolymer films without the
need of synthesizing multiple polymer samples.



A. Appendix for Chapter 7

Figure A.1.: Size distributions obtained from fits to the autocorrelation functions shown in
Figure 7.2 at the temperatures given in the graphs. (a) pD 2.2. (b) pD 4.0. (c) pD 7.2. (d) pD
8.2. A Probability to Reject of PtR = 0.5 was used. For clarity, the curves are shifted upwards
by multiples of 0.7. Adapted with permission from [200]. Copyright (2019) American Chemical
Society.
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Figure A.2.: Decay rates of the slow mode related to clusters of micelles, Γclu, obtained from the
fits (shown in Figure 7.2 for θ = 90°) as a function of q2. Solid lines are linear fits with intercept
zero. Adapted with permission from [200]. Copyright (2019) American Chemical Society.
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Figure A.3.: DLS normalized autocorrelation functions of 0.1 wt % TDE solutions in D2O
measured at an scattering angle of θ = 90° and at pD values of (a) 2.5, (b) 3.8, (c) 7.3 and (d)
8.3. Temperatures are varied between 10 and 60 °C. Open symbols are the measured data and
solid black lines are best fits using equation 7.1.
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Figure A.4.: Fit parameters of the 0.1 wt % solutions as a function of the temperature and for
all pD values. (a) Hydrodynamic radius of micelles, Rh,mic. (b) Hydrodynamic radius of clusters,
Rh,clu. (c) Amplitude of the fast decay attributed to the micelles, Amic. (d) Exponent of the
stretched exponential function describing the clusters, ν.

Figure A.5.: Same parameters as in Figure A.4, but plotted as a function of the pD value.
(a) Hydrodynamic radius of micelles, Rh,mic. (b) Amplitude of the fast decay attributed to the
micelles, Amic.
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Figure B.1.: Experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns of as-prepared
films F2t (αi = 0.14°) (a) and F8t (αi = 0.16°) (b). The red crosses indicate the specular
reflected beam position. The model shown in Figure 8.3c is used for the simulations. Adapted
with permission from [289]. Copyright (2020) American Chemical Society.
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Figure B.2.: (a,b) Horizontal line cuts at the Yoneda band, but avoiding the specular peak (line
cut IIa in Figure 6.9), of the GISAXS patterns of as-prepared films F2t (a) and F8t (b). In (a),
the position of scattering peaks are marked by arrows. (c,d) Vertical line cuts (IIb in Figure 6.9)
of the GISAXS patterns of as-prepared films F2t (c) and F8t (d). The positions of the critical
angles of the polymer film and the silicon substrate are indicated with dashed lines. The insets
show a zoom of the Yoneda band region. Adapted with permission from [289]. Copyright (2020)
American Chemical Society.
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Figure B.3.: Horizontal line cut at the Yoneda band, but avoiding the specular peak (line cut IIa
in Figure 6.9), of the GISAXS patterns of as-prepared film F2w. The solid red line is the best fit
simulation using only the larger type of spheres in Figure 8.3c. The scattering peak at qy ≈ 0.4

nm−1 is not properly reproduced by the simulation.
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Figure B.4.: Experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns of as-prepared
films F2HT (αi = 0.19°) (a), F4HT (αi = 0.19°) (b), F6HT (αi = 0.20°) (c) and F8HT (αi =

0.20°) (d). All measurements are performed at a temperature of 40 °C. The red crosses indicate
the specular beam position. The model shown in Figure 8.3c is used for the simulations.
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Figure B.5.: (a) Comparison of horizontal line cuts and best fit simulations at the Yoneda band,
but avoiding the specular peak (line cut IIa in Figure 6.9), of the GISAXS patterns of as-prepared
films F2RT and F2w. To account for different beam intensities and exposure times, the line cut
of film F2w was shifted vertically to match the intensities of the two curves at qy > 1 nm−1. (b)
Horizontal line cut at the Yoneda band, but avoiding the specular peak (line cut IIa in Figure 6.9),
of the GISAXS patterns of as-prepared film F2RT. The solid red line is the best fit simulation
using only the larger spheres in Figure 8.3c. The solid green line is the best fit simulation using
two types of spheres. The experimental scattering curve for qy > 0.4 nm−1 is described slightly
better by the simulation with two types of spheres, which is also reflected in a marginally lower
reduced chi-square value of the overall fit.

Figure B.6.: Vertical line cuts (IIb in Figure 6.9) of the GISAXS patterns of as-prepared films
measured at room temperature (c) and at 40 °C (d). The positions of the critical angles of the
polymer film and the silicon substrate are indicated with dashed lines.
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Figure B.7.: Data of a repeated swelling experiment of film F2RT in water at room temperature.
Blue and green lines are the film thickness (left axis) and the relative humidity (RH) in the
sample chamber (right axis), respectively. The solid lines are measured during the in situ GISAXS
experiment at ELETTRA and the dashed lines are the repeat experiment. Open circles indicate
the estimated film thickness at the points were GISAXS patterns are recorded during the in situ
experiment.
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Figure B.8.: (a,b) Solvent vapor swelling protocols for (a) film F4RT and (b) film F6RT. (c,d)
Film thickness (left axis, solid blue line) and real part of the polymer film refractive index, δfilm,
(right axis, open brown stars) as a function of time during solvent vapor swelling with water for
(c) film F4RT (fully charged PDMAEMA) and (d) film F6RT (partially charged PDMAEMA).
Open circles indicate times at which GISAXS measurements are performed. Blue and green
shading indicates the swelling and the drying step, respectively. The measured relative humidities
in the chamber are shown in Figures B.10b and c. (e,f) Horizontal line cuts extracted from 2D
GISAXS patterns (line cut IIa in Figure 6.9; open symbols) and corresponding best fits from
the simulations (solid red lines) for (e) film F4RT and (f) film F6RT. The times during solvent
vapor swelling are given and indicate the swelling (blue) and the drying steps (green). For clarity,
curves are shifted upwards and only every second data point is shown. The corresponding 2D
GISAXS patterns and additional line cuts are given in (Figures B.23, B.24 and B.25, B.26). The
position of the main scattering peak is indicated with green arrows.
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Figure B.9.: (a,b) Radius of spheres (a) and their average distance (b) in film F4RT during
swelling in water vapor. (c,d) Radius of spheres (c) and their average distance (d) in film F6RT
during swelling in water vapor at room temperature.
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Figure B.10.: Data of repeated swelling experiments of the films swollen in water at 40 °C. Blue
and green lines show the film thickness (left axis) and the relative humidity (RH) in the sample
chamber (right axis). The solid lines were measured during the in situ GISAXS experiments
at ELETTRA and the dashed lines are the repeat experiments. Open circles indicate the film
thickness in the GISAXS simulations. (a) Film F2HT. (b) Film F4HT. (c) Film F6HT. (d) Film
F8HT.
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Figure B.11.: (a,b) 2D GISAXS patterns of a TDE film prepared from a toluene solution in
the as-prepared state at φp = 1.0 (a) and in the toluene swollen state at φp = 0.45 (b). The
as-prepared film thickness is 102 nm. The GISAXS experiments were performed at the SAXS
beamline at the ELETTRA synchrotron. (c) Horizontal line cuts extracted from the 2D GISAXS
patterns (line cut IIa in Figure 6.9). For clarity, the line cut of the toluene swollen film is shifted
upwards by a factor of 3.
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Figure B.12.: Data of repeated swelling experiments of the films swollen in water at 40 °C. Blue
and green lines show the film thickness (left axis) and the relative humidity (RH) in the sample
chamber (right axis). The solid lines were measured during the in situ GISAXS experiments
at ELETTRA and the dashed lines are the repeat experiments. Open circles indicate the film
thickness in the GISAXS simulations. (a) Film F2HT. (b) Film F4HT. (c) Film F6HT. (d) Film
F8HT.
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Figure B.13.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F2w with water at the indicated times. The corresponding
swelling protocol and curves are shown in Figure 8.8a and c, respectively. Adapted with permission
from [289]. Copyright (2020) American Chemical Society.

Figure B.14.: Additional line cuts extracted from 2D GISAXS patterns of film F2w during
swelling in water and corresponding best fits from the simulations. (a) Vertical line cut along
specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular rod (IIIa in Figure 6.9).
(c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open symbols: experiment;
solid red lines: simulation. Curves are shifted upwards for clarity. The time increases from bottom
to top and is indicated on the right in (c). Blue times indicate swelling and green times drying.
Adapted with permission from [289]. Copyright (2020) American Chemical Society.
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Figure B.15.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F8w with water at the indicated times. The corresponding
swelling protocol and curves are shown in Figure 8.8b and d, respectively. Adapted with permission
from [289]. Copyright (2020) American Chemical Society.

Figure B.16.: Additional line cuts extracted from 2D GISAXS patterns of film F8w during
swelling in water and corresponding best fits from the simulations. (a) Vertical line cut along
specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular rod (IIIa in Figure 6.9).
(c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open symbols: experiment;
solid red lines: simulation. Curves are shifted upwards for clarity. The time increases from bottom
to top and is indicated on the right in (c). Blue times indicate swelling and green times drying.
Adapted with permission from [289]. Copyright (2020) American Chemical Society.
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Figure B.17.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns during
solvent vapor swelling of film F2t with toluene at the indicated times. The corresponding swelling
protocol and curves are shown in Figure 8.13a and c, respectively. Adapted with permission from
[289]. Copyright (2020) American Chemical Society.

Figure B.18.: Additional line cuts extracted from 2D GISAXS patterns of film F2t during swelling
in toluene and corresponding best fits from the simulations. (a) Vertical line cut along specular
rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular rod (IIIa in Figure 6.9). (c)
Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open symbols: experiment; solid
red lines: simulation. Curves are shifted upwards for clarity. The time increases from bottom to
top and is indicated on the right in (c). Purple times indicate swelling and green times drying.
Adapted with permission from [289]. Copyright (2020) American Chemical Society.
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Figure B.19.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F8t with toluene at the indicated times. The corresponding
swelling protocol and curves are shown in Figure 8.13b and d, respectively. Adapted with
permission from [289]. Copyright (2020) American Chemical Society.

Figure B.20.: Additional line cuts extracted from 2D GISAXS patterns of film F8t during swelling
in toluene and corresponding best fits from the simulations. (a) Vertical line cut along specular
rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular rod (IIIa in Figure 6.9). (c)
Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open symbols: experiment; solid
red lines: simulation. Curves are shifted upwards for clarity. The time increases from bottom to
top and is indicated on the right in (c). Purple times indicate swelling and green times drying.
Adapted with permission from [289]. Copyright (2020) American Chemical Society.
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Figure B.21.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F2RT with water at room temperature at the indicated times.
The corresponding swelling protocol and curves are shown in Figure 8.10a and c, respectively.

Figure B.22.: Additional line cuts extracted from 2D GISAXS patterns of film F2RT during
swelling in water at room temperature and corresponding best fits from the simulations. (a)
Vertical line cut along specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular
rod (IIIa in Figure 6.9). (c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open
symbols: experiment; solid red lines: simulation. Curves are shifted upwards for clarity. The time
increases from bottom to top and is indicated on the right in (c). Blue times indicate swelling
and green times drying.
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Figure B.23.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F4RT with water at room temperature at the indicated times.
The corresponding swelling protocol and curves are shown in Figure B.8a and c, respectively.

Figure B.24.: Additional line cuts extracted from 2D GISAXS patterns of film F4RT during
swelling in water at room temperature and corresponding best fits from the simulations. (a)
Vertical line cut along specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular
rod (IIIa in Figure 6.9). (c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open
symbols: experiment; solid red lines: simulation. Curves are shifted upwards for clarity. The time
increases from bottom to top and is indicated on the right in (c). Blue times indicate swelling
and green times drying.
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Figure B.25.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F6RT with water at room temperature at the indicated times.
The corresponding swelling protocol and curves are shown in Figure B.8b and d, respectively.

Figure B.26.: Additional line cuts extracted from 2D GISAXS patterns of film F6RT during
swelling in water at room temperature and corresponding best fits from the simulations. (a)
Vertical line cut along specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular
rod (IIIa in Figure 6.9). (c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open
symbols: experiment; solid red lines: simulation. Curves are shifted upwards for clarity. The time
increases from bottom to top and is indicated on the right in (c). Blue times indicate swelling
and green times drying.
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Figure B.27.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F8RT with water at room temperature at the indicated times.
The corresponding swelling protocol and curves are shown in Figure 8.10b and d, respectively.

Figure B.28.: Additional line cuts extracted from 2D GISAXS patterns of film F8RT during
swelling in water at room temperature and corresponding best fits from the simulations. (a)
Vertical line cut along specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular
rod (IIIa in Figure 6.9). (c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open
symbols: experiment; solid red lines: simulation. Curves are shifted upwards for clarity. The time
increases from bottom to top and is indicated on the right in (c). Blue times indicate swelling
and green times drying.
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Figure B.29.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F2HT with water at 40 °C at the indicated times. The
corresponding swelling protocol and curves are shown in Figure 8.16a and c, respectively.

Figure B.30.: Additional line cuts extracted from 2D GISAXS patterns of film F2HT during
swelling in water at 40 °C and corresponding best fits from the simulations. (a) Vertical line cut
along specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular rod (IIIa in
Figure 6.9). (c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open symbols:
experiment; solid red lines: simulation. Curves are shifted upwards for clarity. The time increases
from bottom to top and is indicated on the right in (c). Blue times indicate swelling and green
times drying.



229

Figure B.31.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F4HT with water at 40 °C at the indicated times. The
corresponding swelling protocol and curves are shown in Figure 8.16b and d, respectively

Figure B.32.: Additional line cuts extracted from 2D GISAXS patterns of film F4HT during
swelling in water at 40 °C and corresponding best fits from the simulations. (a) Vertical line cut
along specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular rod (IIIa in
Figure 6.9). (c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open symbols:
experiment; solid red lines: simulation. Curves are shifted upwards for clarity. The time increases
from bottom to top and is indicated on the right in (c). Blue times indicate swelling and green
times drying.
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Figure B.33.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F6HT with water at 40 °C at the indicated times. The
corresponding swelling protocol and curves are shown in Figure 8.18a and c, respectively

Figure B.34.: Additional line cuts extracted from 2D GISAXS patterns of film F6HT during
swelling in water at 40 °C and corresponding best fits from the simulations. (a) Vertical line cut
along specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular rod (IIIa in
Figure 6.9). (c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open symbols:
experiment; solid red lines: simulation. Curves are shifted upwards for clarity. The time increases
from bottom to top and is indicated on the right in (c). Blue times indicate swelling and green
times drying.
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Figure B.35.: Selected experimental (qy > 0) and simulated (qy < 0) 2D GISAXS patterns
during solvent vapor swelling of film F8HT with water at 40 °C at the indicated times. The
corresponding swelling protocol and curves are shown in Figure 8.18b and d, respectively

Figure B.36.: Additional line cuts extracted from 2D GISAXS patterns of film F8HT during
swelling in water at 40 °C and corresponding best fits from the simulations. (a) Vertical line cut
along specular rod (IIIb in Figure 6.9). (b) Horizontal line cuts through specular rod (IIIa in
Figure 6.9). (c) Vertical line cuts in diffuse scattering region (IIb in Figure 6.9). Open symbols:
experiment; solid red lines: simulation. Curves are shifted upwards for clarity. The time increases
from bottom to top and is indicated on the right in (c). Blue times indicate swelling and green
times drying.
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Figure C.1.: Decay rates obtained from the decay time distributions (shown in Figure 9.3c for
θ = 90°) as a function of q2 for pH 1.6 (a), pH 5.0 (b), pH 6.7 (c) and pH 8.2 (d). Solid lines
are linear fits with intercept zero.
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Figure C.2.: FTIR spectra of films dropcast from a 3 wt % PDMAEMA120 homopolymer aqueous
solution in the wavenumber range 3700 to 2200 cm−1. The pH values of the solutions are given
on the right. The positions of characteristic peaks are indicated by dotted lines. The spectra
are normalized by the amplitude of the strong C=O peak at ∼1729 cm−1 (see Figure C.3) to
account for thickness variations of the drop-cast films.

Figure C.3.: FTIR spectra of films dropcast from a 3 wt % PDMAEMA120 homopolymer aqueous
solution in the wavenumber range 1800 to 1400 cm−1. The pH values of the solutions are given
on the right. The positions of characteristic peaks are indicated by dotted lines. The spectra are
normalized by the amplitude of the strong C=O peak at ∼1729 cm−1 to account for thickness
variations of the drop-cast films.
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Figure C.4.: FTIR spectra of pyridine (black) and pyridine hydrochloride (red) in the wavenumber
ranges 3700 to 2200 cm−1 obtained from literature [311]. The most prominent peaks are indicated
by dotted lines.

Figure C.5.: FTIR spectra of pyridine (black) and pyridine hydrochloride (red) in the wavenumber
ranges 1800 to 1400 cm−1 obtained from literature [311]. The most prominent peaks are indicated
by dotted lines.
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Figure C.6.: AFM height images of films prepared from different pH values. The color scale is
given on the right of each image. The positions of extracted height profiles are indicated with
numbered red lines. The profiles are shown in Figure C.7.

Figure C.7.: Height profiles extracted from the AFM images shown in Figure C.6.
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Figure C.8.: AFM height image and extracted height profiles of the aggregates at pH 8.3. The
shape of the aggregates can be approximated by a box with width 60 nm and height 25 nm.

Figure C.9.: Additional line cuts of the 2D GISAXS patterns shown in Figure 9.12. (a) Horizontal
line cuts at high qz values (line cut IIIa in Figure 6.9). (b) Vertical line cuts at qy = 0 (line cut
IIIb in Figure 6.9).
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Figure C.10.: (a) 2D GISAXS pattern of the MDV thin film prepared at pH 5.9 after solvent
vapor annealing with methanol. The incident angle is αi = 0.20° and the exposure time is 3.0 s.
The solvent is removed fast, which promotes the formation of protrusions with a height larger
than the ones formed after spin-coating. These appear as vertical rods (R) in the GISAXS pattern.
(b) Horizontal line cut at high qz value at the position indicated in (a) with a red box. The
peaks associated with the vertical rods are marked. (c,d) Horizontal line cuts of simulated 2D
scattering patterns of films with cylindrical protrusions with heights 0.0, 0.5, 1.0, 1.5 and 2.0
nm. (c) Line cut at high qz value (same position as in (b)). (d) Line cut at the qz position of
the specular beam. All scattering curves nearly overlap, indicating the small contribution the
protrusions have in this region of the scattering pattern.
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Figure C.11.: From left column to right column: Experimental 2D GISAXS pattern of the MDV
thin film prepared from pH 8.2. Simulated 2D GISAXS patterns using the simulation setup shown
at the right. Normalized residuals pattern, Iexp − Isim. The simulation setups are: homogeneous
film (i); film with protrusions (ii); film with protrusions and aggregates (iii); film with protrusions,
aggregates and inner structure (iv). Line cuts at the positions indicated with colored boxes in
the experimental pattern are shown in Figure C.12.
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Figure C.12.: Line cuts from the experimental pattern (open symbols) and from the simulations
(solid red lines) shown in Figure C.11. (a) Horizontal line cut at the Yoneda band (red box in
Figure C.11). (b) Vertical line cut at the position of the Bragg peak (purple box in Figure C.11).
(c) Horizontal line cut at higher qz value (blue box in Figure C.11). (i), (ii), (iii) and (iv) refer to
the simulation setup. Green arrows indicate the position of main Bragg peak (B), the additional
scattering peak (P) and scattering rods (R).
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